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ABSTRACT
Studies on Cytochrome P-450 in Some H igher Plants
Suzanne C o ttre ll
This thesis presents data obtained on the nature and roles o f cytochrome 
P-450 in some higher p lant tissues.
The fo llow ing were found, by spectral investigation, to have specific 
m icrosomal P-450 concentrations o f the same order o f magnitude as ra t live r: 
avocado mesocarp (0.33 nmol m g"^ protein) tu lip  bulb (0.25 nmol mg“ ^) and Arum 
maculatum spadix (0.4 nmol mg~^). Other components o f the m icrosomal electron 
transfer system were detected in avocado and tu lip  bulb preparations.
An a lte rna tive  method employing polyethylene glycol and low speed 
centrifugation  has been successfully adapted fo r the preparation o f m icrosomal 
fractions from  plant tissues. This allowed rapid m icrosomal preparation w ith  high 
P-450 recovery and circum vented the need fo r u ltracen trifuga tion  o f large volumes 
o f the post-m itochondria l supernatant.
Conditions were optim ized fo r the detergent solubilisation o f avocado 
mesocarp microsomal P-450. Partia l resolution o f P-450 from  avocado or tu lip  
bulb was achieved using ion-exchange and adsorption chromatography. These 
pa rtia lly  purified  forms were compared e lectrophore tica lly  w ith  various P-450 
forms from  ra t live r.
Spectral binding studies showed tha t compared to ra t live r, avocado P-450 
has only a lim ite d  capacity to bind compounds. These included a range o f fa tty  
acids, N -m ethyl-arylam ines, a range o f ary l hydrocarbons, aniline, certa in  classical 
mammalian inh ib itors and im idazole antifungal agents. Such studies proved a 
useful method o f scanning fo r possible P-450 substrates in tha t good corre la tion  
exists between compounds giving type I binding spectra and m etabolism . These 
studies also provided in form ation as to the nature o f the active s ite o f avocado 
P-450.
( i i )
M etabolic studies showed tha t avocado P-450 does not possess the ve rsa tility  
o f hepatic P-450 in metabolising xenobiotics. However evidence is presented 
im plica ting the avocado P-450 in the metabolism o f lauric  acid and the 
N -dem ethylation o f N -m ethyl-arylam ines. Inh ib ition studies suggested tha t these 
enzyme ac tiv itie s  were independent o f each other and therefore adds to the 
evidence fo r m u ltip le  P-450 forms in higher plants.
( i i i )
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Note on Nomenclature
'Cytochrome P-450' is now recognised as a co llec tive  name fo r a fam ily  (m u ltip le - 
forms) o f haemoprotein enzymes showing a carbon monoxide d iffe rence spectral 
peak in the reduced state, in the region o f 450 nm. This includes the P-448 forms 
o f the enzyme. In this thesis the term  'cytochrome P-450' or its  abbreviation 
'P-450' has been used in this way. Nebert e t al. (1987) have recently  published a 
nomenclature scheme fo r the P-450 gene superfam ily and this is re fe rred  to in the 
Introduction (1.1). In the absence o f in fo rm ation  on DMA or prote in sequences, 
higher p lant P-450s could not be assigned to any o f the existing gene fam ilies.
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CHAPTER 1
INTRODUCTION
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1. Introduction
1.1 Evolution of Cytochrome P-450 in the Biosphere
Cytochrome P-450, f irs t  detected in mammalian liv e r microsomes nearly 
th ir ty  years ago, is w idely d istributed throughout nature. Thus i t  has been detected 
in many animal tissues, both vertebrate and invertebrate, m icroorganisms and in 
plants and fungi. The generalised function o f this haemoprotein is as an ac tiva to r 
o f m olecular oxygen. I t  acts as the te rm ina l component o f mixed function 
monooxygenase (oxidase) systems catalysing the oxygenation o f many lipoph ilic  
substrates (X) w ith  the fo llow ing reaction s to ich iom etry :-
HX + 02 + NAD(P)H +  >  XQH + NADP"^ + H 2 O
P-450 also carries out peroxidase and oxidase functions (Estabrook e t a l., 1984). 
O f mammalian tissues the hepatic system is the most extensively studied, and 
m icrosomal (endoplasmic re ticu lum  associated) P-450 plays a m ajor role in drug 
metabolism, detoxication and b ioactiva tion o f xenobiotics and carcinogens. P-450 
is also involved in the metabolism and biosynthesis o f ce rta in  endogenous 
compounds, such as fa tty  acids, cholesterol and other steroids, and prostaglandins. 
The cytochrome is not solely confined to the m icrosomal frac tio n  o f the ce ll, also 
occurring in the m itochondria o f certa in  tissues such as the adrenal, where i t  is 
involved in steroid hydroxylation (Takemori and Kominam i, 1984) and the nuclear 
membrane (Bresnick et a l., 1980). Although other classes o f animal have been 
studied less extensively, P-450 in these organisms appears to serve s im ila r 
functions, thus P-450 o f insects and fish has been im plicated in xenobiotic and 
steroid metabolism. The soluble P-450 o f p rokaryo tic  m icroorganisms, and o f fungi 
and yeasts appears to be p rim arily  involved in the metabolism o f fa tty  acids, 
sterols and hydrocarbons.
The pathways in which P-450 is involved in endogenous substrate metabolism 
d iffe r  considerably from  those centra l m etabolic pathways common to many 
organisms. The la tte r  are more concerned w ith  energy provision and general 
b iosynthetic m etabolites, whereas products o f the form er fu l f i l  what m igh t be
—3 —
described as more specialised s truc tu ra l and regulatory functions. In this context, 
P-450 may be considered essential fo r life  having a c r it ic a l ro le in the form ation 
and metabolism o f products v ita l fo r the in te g rity , development, 
com partm entalisation and homeostasis o f cells. In the metabolism o f endogenous 
substrates, hydroxylation by P-450 involves specific positions and confers 
specialised properties and function. Such products are often res tric ted  to specific 
organs or organisms in which th e ir b iological function can be seen as a consequence 
of the specific oxygenation tha t was a feature of th e ir biogenesis.
Many xenobiotics enter an organism by v irtue  o f th e ir lip o p h ilic ity . 
Accum ulation o f such compounds w ith in  an organism could be detrim enta l or even 
fa ta l. The elim ination o f such compounds requires the ir conversion to products 
which are more w ater soluble. Oxygenation o f many of these xenobiotics by P-450 
is part o f the process tha t achieves th is end. However, P-450 is not res tr ic ted  to a 
detoxication ro le and i t  can partic ipa te  in the activa tion  o f ce rta in  fore ign 
compounds e.g. po lycyclic  arom atic hydrocarbons, nitrosamines and arom atic 
amines, to form  cy to tox ic , mutagenic and carcinogenic agents. Thus the roles o f 
P-450 are diverse as are the structures o f its  many substrates.
The broad substrate spec ific ity  o f P-450 is probably best illu s tra ted  by the 
mammalian hepatic system and is explained e ither by the enzyme having a very 
accommodating active site , or by the existence o f m u ltip le  form s. In fa c t, both 
these explanations apply, the existence of m u ltip le  form s is w e ll documented 
(Guengerich, 1979; Lu and West, 1980). Isoenzymes exhib iting d iffe rin g  but 
overlapping substrate spec ific ities  exist, some o f which are induced by exposure to 
various xenobiotics (Guengerich e t ai., 1982; Bresnick e t a l., 1984). Other facto rs  
in fluencing isoenzyme profiles include species, tissue, age, hormonal status and 
diet as w e ll as anutrient ingestion and the environment.
Mammalian P-450 is now considered to be a superfam ily o f isoenzymes coded 
fo r by genes having a certa in amount o f sequence homology. Groups o f P-450 
genes in clusters w ith  greater sequence homology constitu te  gene fam ilies  and
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subfam ilies w ith in  the superfam ily (Nebert, 1985). Nebert et al. (1987) have 
devised a system o f P-450 nomenclature based on the percentage s im ila r ity  o f 
amino acid sequence alignment. C urren tly , there is evidence fo r a t least eight 
mammalian P-450 gene fam ilies. The so-called phenobarbita l-inducible forms of 
P-450, responsible fo r d irecting drug metabolism over a wide range o f substrates, 
constitu te one o f five  subfam ilies o f the now named P450II gene fam ily . The 
ethanol-inducib le P-450s make up another o f these subfam ilies. The more 
substrate specific po lycyclic  arom atic hydrocarbon-inducible form s (the so-called 
P-448s) are the only subfam ily o f the P450I gene fam ily . These enzymes are able 
to e ffe c t the oxygenation o f molecules at s te rica lly  hindered positions and thus 
activa tion  o f electrophiles and mutagens (Parke, 1983). O ther gene fam ilies 
include the stero id-inducib le, the peroxisome pro life ra to r-induc ib le , the P-450 
gene(s) responsible fo r steroid 17a-hydroxylation, the P-450 gene(s) responsible fo r 
steroid 21-hydroxylation, the P-450 gene(s) coding fo r stero id 11$-hydroxyla tion 
and the gene(s) responsible fo r cholesterol side-chain cleavage (Nebert et W., 
1987).
I t  is believed tha t a ll P-450 species are u ltim a te ly  derived from  one common 
ancestral gene (Nebert, 1985). The d iffe re n t species o f P-450 seen today have 
arisen from  divergence and extensive am p lifica tion  o f tha t common gene. As w e ll 
as furnishing those proteins c r it ic a l fo r the 'house-keeping' functions o f the ce ll, 
the expansion in to m ultip le  genes provided a means o f detoxication o f 
environmental chemicals and thus a valuable selection advantage in coping w ith  
diverse chemical adversity (W olf, 1986).
Other organisms may not show the large complement o f P-450 species seen in 
mammals, ye t the wide d istribu tion o f this haemoprotein throughout the biosphere 
suggests tha t, in evolutionary term s, P-450 existed very early on in the h istory o f 
life  on earth. In mammals the members o f the P-450 superfam ily are no longer 
housed on a single chromosome. I t  has been suggested tha t divergence commenced 
somewhere between 300-1000 m illion  years ago (Nebert and Gonzalez, 1985), w ith  
P-450 present in the earliest eukaryotes.
- 5 -
The orig ina l function o f P-450 is obscure, however various propositions have 
been made. Wickramasinghe and V illee (1975) postulated tha t P-450 existed in 
pre-cam brian tim es when the atmosphere was free o f m olecular oxygen and tha t 
its  role was reductive (i.e. an electron carrie r). The advent o f photosynthesis, 
leading to the development o f photosystem II and thus the photolysis o f water 
produced m olecular oxygen, th is by-product would have been detrim enta l to many 
extant organisms due to the to x ic ity  o f both i t  and its  m etabolites. P rotective 
enzymes such as catalase, peroxidase, and superoxide dismutase are thought to 
have evolved much la te r. In those organisms where i t  existed, P-450 could have 
acted as a queller o f oxygen to x ic ity  by v irtue  o f its  redox potentia l, and thus these 
organisms had greater survival po ten tia l. La te r the haemoprotein probably evolved 
to take on an oxidative and u ltim a te ly  an oxygenative function (Nebert and 
Gonzalez, 1985). The early oxygenative role fo r P-450 was possibly solely to do 
w ith  in trace llu la r biosynthesis and degradation, or in the m obilisation and 
activa tion o f foreign hydrocarbons as energy source. Some extant m icroorganisms 
show the a b ility  to activa te  alkanes and other hydrocarbons using P-450, 
e.g. camphor metabolism by Pseudomonas putida (K a tag iri e t a l., 1968) and 
hydroxylation o f alkanes by Candida trop ica lis  (Gallo e t W., 1971). I t  is 
conceivable tha t the processes involved in recognising these external compounds 
and mobilising the enzymes to deal w ith  them could evolve in to the processes of 
foreign compound detoxication and activa tion  seen in contemporary organisms and 
reaching its  peak in the mammalian live r.
I t  is in teresting to speculate how d iffe re n tly  P-450 has evolved across the 
biosphere and how diverse are its  functions throughout nature according to the 
needs o f d iffe re n t organisms. Figure 1.1 from  Valentine (1978) shows the possible 
progression o f evolution o f various life  form s. I t  seems tha t the divergence o f 
early plant li fe  from  a ll other life  form s occurred a t a very early stage. Has the 
evolution o f P-450 in plants paralleled tha t o f other life  forms?
#
%
V
&
If
Figure 1.1 Kingdoms o f organisms
Kingdoms o f organisms are charted according to a concept by Robert
H. W hittaker o f Cornell U n ivers ity . The re la tive ly  simple un ice llu la r 
Monera, which are prokaryotic (lacking a nucleus), gave rise to the 
more complex unice llu lar P ro tis ta , from  which a ll three m u ltice llu la r 
kingdoms have arisen. M u ltice llu la r organisms are placed in the 
kingdoms Metaphyta, Fungi and Metazoa m ainly on the basis o f the 
process by which they obtain the ir energy.
(Adapted from  Valentine, 1978)
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1.2 Cytochrom e P-450 in  H igher Plants: Occurrence and C e llu la r Location
The f irs t evidence fo r the existence o f P-450 in higher plants was provided by 
Moore (1967) who demonstrated the presence of a CO-binding pigment in the 
microsomal frac tion  o f pea cotyledons. This pigment was s im ila r to the P-450 
found in mammalian liv e r  in tha t its  maximum in the reduced CO difference 
spectrum was a t 450 nm. Frear e t al. (1969) confirm ed the monooxygenase 
character o f the N -dem ethylation o f substituted 3-(phenyl)-l-m ethy lu rea in the 
microsomal fractions o f e tio la ted cotton seedlings and other p lant tissues. 
Inh ib ition by a number o f agents showed tha t th is enzyme had s im ila r 
characteristics to the mammalian P-450-linked N -dem ethylation but d irec t 
evidence fo r the presence o f a P-450-type cytochrome was not obtained. In the 
same year, Murphy and West (1969) conclusively demonstrated the spectral 
presence o f P-450 and its  involvement in a t least two steps o f the oxidation o f 
kaurene to 73-hydroxykaurenoic acid in the m icrosomal fractions o f Marah 
macrocarpus (Figure 1.2). Further spectral evidence fo r the existence o f P-450 
like cytochromes in a varie ty o f plant tissues was provided by Markham e t al. 
(1972), Yahiel et al. (1974) and Rich and Bendall (1975). Since those tim es, there 
has been an increasing number o f reports o f P-450 and P -450-linked enzyme 
a c tiv ity  in plant tissues including bulbs, seedlings, flowers, fru its , roots, and tubers 
(Table 1.1).
The overall impression is tha t the P-450 content o f higher p lant tissues is 
generally a t least an order o f magnitude lower than tha t o f untreated ra t liv e r 
(hepatic P-450 content o f the order 1.0 nmol mg” ^ m icrosom al prote in ). In 
addition, some workers have reported tha t the in terference by other pigments 
(e.g. chlorophyll) has made P-450 detection d if f ic u lt  or impossible (Frear e t a l., 
1969; Hendry, 1986).
Like mammalian hepatic P-450, p lant P-450 appears to be membrane 
associated and so fa r appears to be m ainly located in the m icrosom al fra c tio n . 
However, the association o f P-450 o f higher plants w ith  the endoplasmic re ticu lum
— 8“
Tabla 1.1 The Reported Occurrence of Cytochrome P-450 and/or P -450 Linked A ctivity in Higher Plant Tissues
Tissue/organ Species Family Name Common Name P-450 (nmol m g'^  
microsomal protein)
Reference
Dormant bulb Allium cepa Alliaceae shallot 0.02 1
Narcissus Incomparabilis Amaryllidaceae daffodil 0.04 2
Tulipa gesnerania Liliaceae tulip (G iant yellow) 0.20-0.40 5
Embryo Zea mays Gramineae maize 0.13 4
Etiolated seedling
whole Sorghum bicolor Gramineae m illet 0.10 5
Catharanthus roseus Apocynaceae periwinkle 0.06 6
Vinca rosea periwinkle 0.10 7
cotyledons Cucurbita pepo Cucurbitaceae marrow 0.02 1
Pisum sativum Leguminosae pea 0.05 1
Vicia fab a Leguminosae broad bean 0.02 U
endosperm Marah macrocarpus Cucurbitaceae mock cucumber 0.11 ■)
Ricinus communis Euphorbiaceae castor bean NS 10
Echinocystis lobata Cucurbitaceae wild cucumber NS 1 I
hypocotyl Phaseolus vulgaris Leguminosae bean < 0.01 1
Phaseolus aureus Leguminosae mung bean < 0.01 1
Vicia faba Leguminosae broad bean < 0.01 8
Gossypium hirsutum Malvaceae cotton 0.01 12
radicle Pisum sativum Leguminosae pea < 0.01 1
Phaseolus aureus Leguminosae mung bean < 0.01 13
Glycine max Leguminosae soybean < 0.01 14
shoot Sorghum vulgare Gramineae m illet 0.01 5
Vicia faba Leguminosae broad bean NS 15
^ea mays Gramineae maize 0.01 8
Hordeum vulgare Gramineae barley 0.01 1
apical bud Pisum sativum Leguminosae pea NS 16
Inflorescence /
bud Brassica oleracea Cruci ferae cauliflower 0.04 1
Arum maculatum Araceae lords and ladies 0.07 1
spadix Arum Italicum Araceae Italian arum 0.31 17
Fruit
mesocarp Persea americana Lauraceae avocado 0.02 14
Rersea americana avocado 0.40 3
Solanum melongena Solanaceae ^ egg plant 0.18 14
exocarp Malus pumila Rosaceae apple NS 18
Storage organs
root Daucus carota Um belliferae carrot < 0.01 i
Pastit>,3 ca sativa Umbelli ferae parsnip < 0.01 1
Zea mays Gramineae maize < 0.01 1
Brassica napobrassica Cruciferae swede NS tv
stem tuber Rhaphanus sativus Cruciferae radish < 0.01 1
Helianthus tuberosus Compositae Jerusalem artichoke 0.02 20
Solanum tuberosum Solanaceae potato 0.03 1
Ipomoea batatas Convolvulaceae sweet potato < 0.01 21
rhizome Iris qermanica Iridaceae iris 0.04 1
Leaf Spinacia oleracea Chenopodiaceae spinach NS 18
Senecio odoris Compositae ragwort NS 18
Stem Populus X euramericana Salicaceae poplar NS 22
Cell culture Digitalis lanata Scrophulariaceae foxglove NS 23
Centranthus macrosiphon Valerianaceae valerian 0.25-0.45 24
Petroselinum hortense Um belliferae parsley 0.23 25
Glycine max Leguminosae soybean NS 26
Phaseolus vulgaris Leguminosae bean NS 27
NS P-450 content not stated in the literature.
-9-
Key to References for Table 1.1
1. Rich and Bendall (1975)
2. Hendry (1986)
3. R ich and Lamb (1977)
4. Rahier and Taton (1986)
5. Potts £ t al. (1974)
6. Madyastha et al. (1977)
7. Madyastha et al. (1976)
8. Markham et al. (1972)
9. Hasson and West (1976)
10. Lord et al. (1973)
11. G illard and Walton (1976)
12. Frear et al. (1969)
13. RusselTTl971)
14. Hendry (1986)
15. Soliday and Kolattukudy (1977)
16. Benveniste et al. (1978)
17. Yahie l et aLT l974)
18. Croteau and Kolattukudy (1975a,b)
19. H ill and Rhodes (1975)
20. Reichhart et al. (1979)
21. F u jita  (1985)
22. Grand (1984)
23. Petersen and Seitz (1985)
24. Violon e t al. (1985)
25. Hagmann et al. (1983)
26. Hagmann and Grisebach (1984)
27. Bolwell and Dixon (1986)
-lo­
is not necessarily synonymous w ith  its  presence in the microsomal frac tion  o f the 
ce ll. The term  'm icrosomal frac tio n ' is an operational one usually re fe rring  to the 
ce ll frac tion  obtained by high speed centrifugation  o f the post-m itochondria l 
supernatant. In the case o f plants, such microsomal pellets w ill contain 
membranous m ateria l other than the endoplasmic re ticu lum  including fragments of 
the golgi, tonoplast, and plasma membranes. P-450 or P-450-dependent enzyme 
a c tiv ity  has been shown to be at least in part associated w ith  plasma membrane of 
cau liflow er inflorescence (K je llbom  et al., 1985), the provacuolar membranes o f 
Catharanthus roseus (Madyastha et al., 1977) and a membranous frac tio n  obtained 
from  a low-speed particu la te  preparation o f Echinocystis lobata (G illa rd  and 
Walton, 1976). However studies involving sucrose density gradient cen trifuga tion , 
while showing probable association w ith  other orders of membrane, have confirm ed 
tha t in large part p lant P-450 and P-450-dependent enzyme a c tiv ity , like  the 
mammalian hepatic fo rm , is associated w ith  the endoplasmic re ticu lum  (Benveniste 
et al., 1978; Soliday and Kolattukudy, 1978; Saunders et al., 1977; Young and 
Beevers, 1976; Tanaka et al., 1974; Lord e t al., 1973). F u jita  and Asahi (1985a) 
have reported d iffe re n t in trace llu la r locations fo r two P-450 systems in sweet 
potato roo t tissue in fected w ith  Ceratocystis f im b ria ta . Ipomeamarone 15- 
hydroxylase was found to be endoplasmic reticulum -associated, whereas cinnam ic 
acid 4-hydroxylase was not. The cinnamic acid 4-hydroxylase in Sorghum does 
appear to be endoplasmic reticulum -associated (Saunders et a l., 1977).
1.3 P-450 Dependent Metabolism in Higher Plants
The number o f authenticated substrates of the mammalian P-450 systems is 
o f the order 200 and the actual number o f substrates greatly  exceeds th is. In 
comparison, less than 50 plant P-450 substrates have been described so fa r and 
many o f these reactions s t i l l  require authentication by:
1. The presence in the reduced enzyme preparation o f a CO binding pigm ent
w ith  m axim al absorbance around 450 nm in the C G -d iffe rence spectrum .
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2. Inh ib ition o f the reaction in the presence CO and O^ in comparison w ith  
equivalent O2  concentration alone.
3. Reversal of CO inh ib ition  by lig h t w ith  a maximum in the photoaction 
spectrum at 450 nm.
4. Demonstration o f a 1:1:1 sto ich iom etry o f NADPH, O2  and product.
5. Incorporation o f one oxygen atom from  ^ ^ 0 2  in to  each molecule o f product. 
O ther types o f evidence have also been put forward, such as the nature of 
associated electron transfer components, action o f inh ib itors other than CO, 
reconstitu tion o f purified components o f the P-450 system and inh ib ition  by 
antibodies to purified P-450.
I t  is unlikely tha t a ll the above c r ite r ia  would be satisfied fo r any one system. 
However, several should be m et to provide convincing evidence fo r  P-450 
involvem ent. The most de fin itive  c rite rion  is tha t c ited in 3 and as shown in 
Table 1.2, th is has been demonstrated in only two instances. However, 
photosensitiv ity of CO inh ib ition  by illum ina tion  w ith  intense w h ite  lig h t or blue 
ligh t (maximal in tensity  around 450 nm) has been more w idely shown.
1.3.1 Endogenous Substrate Metabolism
To date, most reports o f P-450 linked metabolism in higher plants have been 
concerned w ith  the metabolism o f endogenous substrates and the biosynthesis o f so 
called secondary m etabolites (Table 1.2). Many o f these secondary m etabolites 
have been shown to be im portan t in the growth, regulation, s tructure  and defence 
systems of plants. The res tric ted  substrate specific ities  and prim ary involvem ent 
in endogenous substrate metabolism shows some resemblance between the plant 
and mammalian extra -hepatic  P-450 systems.
Kaurene Metabolism
Kaurene belongs to the terpenoid class o f secondary compounds which are 
derived from  the mevalonic acid pathway via geranyl geranyl phosphate. This is
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Table 1-2 Reported Cytochrome P-450 Mediated Reactions
in Higher Plants Concerned w ith Endogenous Substrate Metabolism
Reaction Reference
Terpenoid metabolism
Kaurene o x id a tio n ** Murphy and West (1969)
Kaurenol oxidation Coolbaugh et al. (1978)
Kaurenal o x id a tio n ** Murphy and West (1969)
Kaurenoic acid hydroxylation Lew and West (1971)
Abscisic acid hydroxylation G illa rd  and Walton (1976)
Geraniol 10-hydroxyla tion* Meehan and Coscia (1973)
Nerol 10-hydroxyla tion* Meehan and Coscia (1973)
D ig itox in  12$-hyd roxy la tion* Petersen and Seitz (1985)
R ish itin  hydroxylation Brindle e t al. (1985)
O btusifo lio l hydroxyla tion* Rahier and Taton (1986)
Ippmegmarone 15-hydroxyla tion* F u jita  e t al. (1981)
Ng-CA^-isopentenyl) adenosine hydroxylation Chen and Leisner (1984)
N -(A -isopentenyl)adenine hydroxylation Chen and Leisner (1984)
Fa tty  acid metabolism
Lauric acid in-chain hydroxyla tion* Salaun et al. (1978)
Lauric acid o)-hydroxy la tion* Benveniste e t al. (1982b)
16-hydroxypalm itic acid midchain hydroxyla tion* Soliday and K o la ttukudy (1978)
P a lm itic  acid w-hydroxylation Soliday and Ko la ttukudy (1977)
18-hydroxyoleic acid epoxidation* Croteau and Ko lattukudy 
(1975a)
Phenylpropanoid pathway
Cinnamic acid 4 -hyd roxy la tion ** Potts e t al. (1974)
Feru lic  acid 5 -hydroxy la tion* Grand~Q984)
Flavonoid metabolism
3,9 dihydroxypterocarpan 6ahydroxylation Hagmann et al. (1984)
Isoflavone synthase Hagmann and Grisebach (1984)
Flavonoid 3 '-hydroxylation Hagmann et al. (1983)
*  Evidence fo r P-450 includes pho torevers ib ility  o f carbon monoxide inh ib ition .
* *  Demonstration o f maximal carbon monoxide inh ib ition  reversal w ith  450 nm lig h t.
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the common pathway in the earlie r stages of s tero l and carotenoid biosynthesis. 
Kaurene, formed from  the cyclisa tion o f geranyl geranyl phosphate, serves as a 
precursor to a large fam ily  o f a t least 52 compounds known as the gibberellins. 
These plant hormones are concerned w ith  the regulation o f various aspects o f p lant 
growth and development. In g ibberellin biosynthesis, kaurene (i) undergoes a four
■V.
step oxidation to form  73-hydroxykaurenoic acid (v) (Figure 1.2). Murphy and West 
(1969) showed tha t the conversions o f kaurene (i)to kaurenol (ii)  and o f kaurenal ( iii)  
to kaurenoic acid (iv) by m icrosomal fractions o f Marah macrocarpus required 
and NADPH. P-450 monooxygenase involvem ent was unequivocally demonstrated 
by fu lf ilm e n t o f c r ite r ia  1,2,3 and 5. The characteris tics of the conversion o f 
kaurenol ( ii)  to kaurenal ( iii)  (Coolbaugh et ^ . ,  1978) and the hydroxylation o f 
kaurenoic acid (iv) (Lew and West, 1971) also suggested catalysis by P-450 
dependent monooxygenases although the evidence was less com plete. Likew ise, 
evidence consistent w ith  P-450 dependent kaurene oxidation was observed in 
microsomal fractions o f im m ature pea seeds (Coolbaugh and Moore, 1971). I t  is 
in teresting to note tha t the pathways o f g ibbere llin  hormone biosynthesis in plants 
and steroid hormone biosynthesis in animals are analogous. Both involve in it ia l 
non-oxidative metabolism of water soluble substrates by soluble cytoplasm ic 
enzymes followed by a secondary sequence o f oxidative steps involving hydrophobic 
substrates and membrane bound enzymes.
►
C H O H CHO
(iii)(ii)(i)
OH
' C O  OH
(v)
C O O H
( iv)
Figure 1.2 F our step oxidation o f kaurene to 6 3 -hydroxy kaurenoic acid
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Abscisic Acid Metabolism
Abscisic acid is a sesquiterpenoid plant hormone involved in plant growth 
regulation. Its function is usually found to be inh ib ito ry  and is involved in 
abscission, dormancy and response to w ater stress. One route of deactivation of 
abscisic acid is via its oxidation to phaseic and dihydrophaseic acids, and levels of 
these m etabolites increase when stress is removed (W right, 1978). G illa rd  and 
Walton (1976) demonstrated tha t the metabolism of abscisic acid (i) to phaseic acid
(iii)  goes via the form ation o f a 6 '-hydroxym ethyl abscisic acid in term edia te  (ii)  
(Figure 1.3) and requires NADPH and The inh ib ition of the hydroxylation 6y
carbon monoxide suggested tha t P-450 may be involved. The hydroxylating enzyme 
also displayed ste reospecific ity  in that (+) abscisic acid was ten times more 
e ffe c tive  than (-)  abscisic acid as substrate.
C O O H
CHjOH
► OH
C O O H
( i i )
C O O H
Figure 1.3 Metabolism o f abscisic acid to phaseic acid
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Ipomeamarone 15-hydroxylase
Ipomeamarone is an an ti-funga l furano-sesquiterpene produced in large 
amounts in sweet potato roo t in response to in fec tion  by Ceratocystis f im b ria ta , 
Ipomeamarone (i) undergoes metabolism to ipomeamarol ( ii)  in a reaction catalysed 
by a 15-hydroxylase (F u jita  e t a l., 1981) (Figure 1.4). The enzyme is m ainly 
localised in the microsomes, and has a requirement fo r m olecular oxygen and 
NADPH. Carbon monoxide is found to be inh ib ito ry  in a way tha t is p a rtia lly  
prevented by lig h t strongly suggesting tha t the 15-hydroxylase is a P-450 
dependent enzyme.
( i )
HO
( i i )
Figure 1.4 15-Hydroxylation of ipomeamarone to ipomeamarol
The Phenylalanine-Cinnamate Pathway
Phenylalanine is metabolised in higher plants to give a series o f 
phenylpropanoid derivatives which act as precursors to a wide range o f p lant 
arom atic compounds including flavonoids, polyphenolic acids, lign in  and tannins 
(Figure 1.5). The second step in the biosynthesis of these compounds involves the 
hydroxylation o f trans-cinnam ic acid to p-coum aric acid, possibly via a 
3,4-epoxide in term ediate (Diesperger and Sandermann, Jr., 1978). The f irs t
HO
(iii)
C O O M
C O O "
\
C " H " ,
(a)
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C O O "
I
C MNH,
CM , C M
o
(ii)(i)
OH
(f)
(iv)
/
(b)
C O O H C O O MC O O H
OH MO'
(vii) OH
C O O H
OH
C O O M C O O M C O O H
C H O O C H ,
(viii)O"
O C H ,
Figure 1.5 The Phenylalanine-Cinnamate Pathway
(i) phenylalanine, ( ii)  tyrosine, ( iii)  2-hydroxycinnam ic acid,
(iv) cinnam ic acid, (v) 4-hydroxycinnam ic acid, (vi) c a ffe ic  acid, 
(v ii)  3 ,4 ,5-trihydroxy cinnam ic acid, (v iii)  fe ru lic  acid, (ix ) 5-hydroxy 
fe ru lic  acid, (x) synapic acid.
(a) and (b) phenylalanine and tyrosine ammonia lyases respective ly ,
(c) P-450-dependent cinnam ic acid 4-hydroxylase, (d) phenolase,
(e) P-450-dependent fe ru lic  acid 5-hydroxylase, (f) c innam ic acid 
2-hydroxylase.
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evidence im p lica ting  P-450 in th is reaction came from  Russell (1971), who showed 
tha t cinnamic acid 4-hydroxylation in microsomes from  pea seedlings specifica lly  
required NADPH and tha t carbon monoxide was inh ib ito ry  in a manner tha t was 
reversible by lig h t. La te r, demonstration o f a photodissociation action spectrum on 
"carbon monoxide inh ib ition  showing a maximum at 450 nm (Potts e t al., 1974) 
provided unequivocal evidence fo r P-450 pa rtic ipa tion  in sorghum. Rich and Lamb 
(1977) showed tha t the cinnamic acid ; NADPH : O2  s to ich iom etry of the reaction 
in potato slices was 1 : 1 : 1 .  Cinnamic acid 4-hydroxylase (EC 1.13.14.11) seems, 
so fa r, to be the most widely d istributed P-450-linked enzyme a c tiv ity  in plants, 
having also been detected in Jerusalem artichoke tuber (Benveniste and Durst, 
1974), sweet potato (Tanaka et ^ . ,  1974), parsley cells (Diesperger e t ^ . ,  1974), 
swede root (H ill and Rhodes, 1975), cau liflow er, avocado mesocarp, tu lip  bulb 
(Karasaki e t al., 1983), poplar stem (Grand, 1984) and broad bean (Bolwell e t a l., 
1985).
A trans-cinnam ic acid-2-hydroxylase has been detected in red clover leaves 
(Gestetner and Conn, 1974), which is probably involved in the biosynthesis, o f 
coumarins. A c t iv ity  is membrane bound but fu rth e r evidence fo r its  c lassifica tion  
as a P-450-dependent enzyme has not as yet been forthcom ing.
A reaction fu rthe r along the phenylpropanoid pathway involves the 
5-hydroxylation o f fe ru lic  acid. The step may be im portan t in the contro l o f flow  
o f precursor fo r the biosynthesis o f synapyl alcohol, and consequently influence the 
monomeric composition of lignins (Kutsuki e t al., 1982). The 5-hydroxylase 
enzyme in the microsomal frac tion  o f poplar stem has been positive ly id en tified  as 
a P-450-dependent monooxygenase (Grand, 1984).
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Monoterpene Metabolism : Indole alkaloid biosynthesis
One very large class o f p lant secondary products are the alkaloids which are 
derived from  amino acids o ften w ith  products o f other pathways such as the 
terpenoids. Why plants produce alkaloids is unclear. The in it ia l be lie f tha t they 
served solely as waste products o f nitrogen metabolism seems inadequate 
considering th e ir im portan t roles in the ecology and physiology o f organisms in 
which they occur. The indole alkaloids include many drugs used by man, e.g. 
Catharanthus roseus (Vinca rosea) is an im portan t source o f an ti-tum o u r drugs 
vinblastine and v incris tine . The biosynthetic pathway o f these substances involves 
a common in term edia te , loganic acid. Loganic acid is derived from  mevalonic acid 
and its  biosynthetic pathway involves the hydroxylation o f monoterpenoid alcohols, 
geraniol or nerol (Figure 1.6). Meehan and Coscia (1973) reported tha t the 
10-hydroxylation o f geraniol and nerol in m icrosomal fractions from  Catharanthus 
roseus required O 2  and NADPH. L igh t reversal o f carbon monoxide inh ib ition ; 
inh ib ition  by SKF525A, metyrapone, th io l reagents and cytochrome c, a ll indicated 
tha t P-450 was involved (Meehan and Coscia, 1973; Madyastha e t al., 1976).
C H  OH
geraniol
H O H C
\
c h o h
10-hydroxygeraniol
/ C H O H
H O H C
/ C H O H
nerol 10-hydroxynerol
Figure 1.6 Monoterpenoid alcohol hydroxylation
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F a tty  Acid Metabolism: Hydroxylation reactions
H yd roxy -fa tty  acids are w idely d istributed throughout nature and are 
synthesised by microorganisms, plants and animals. The fo rm ation  o f hydroxy- 
fa tty  acids is e ither by d irec t oxygen dependent hydroxylation (mono-oxygenation) 
or by addition o f water across a double bond. P-450-linked fa tty  acid mono­
oxygenases have been described in animals (Lu e t ^ . ,  1969; Hamberg and 
Bjorkhem, 1971; Tamburini et al., 1984) and microorganisms (Gallo et al., 1971; 
Duppel e t 1973). Generally these hydroxylases have been shown to catalyse 
w-hydroxylation. In-chain (w-1) hydroxylases have also been reported (Ichihara et 
al., 1980; ü k ita  and Masters, 1980), and in the mammalian liv e r there is evidence 
tha t separate P-450 enzymes are responsible fo r the d iffe re n t hydroxylation 
positions. A few examples o f fa tty  acid hydroxylations in other positions have been 
documented. M iura e t al. (1975) demonstrated w-1, w -2 and w-3 hydroxy fa tty  
acid form ation catalysed by a soluble P-450 enzyme in Bacillus m egaterium . A 
Ü3-2 hydroxylation has been observed in ra t live r microsomes (Hamberg and
M
Bjorkhem, 1971), however, the involvem ent o f P-450 in th is hydroxylation was not 
conclusively demonstrated.
In plants the general characteristics o f several types o f fa tty  acid 
hydroxylation have been established. The fo rm ation  o f 3-hydroxyacyl-C oA  as an 
in term ediate in the 3-oxida tion pathway occurs through the hydration o f 
a-enoyl-C oA  precursors and Harwood et al. (1972) showed tha t Cg, C^g and 
fa tty  acyl-CoAs were metabolised by a soluble enzyme from  avocado mesocarp to 
form  3-hydroxyacids. In it ia lly  this reaction was thought to require m olecular 
oxygen and exh ib it monooxygenase character, however there was no requirem ent 
fo r an external electron donor such as NADPH. Sodja and Stumpf (1975) la te r 
demonstrated tha t this reaction was in fa c t also a hydration, H 2 Ü^^ oxygen being 
incorporated in to the 3-hydroxy group. The apparent 02 requirem ent was in d ire c t, 
since under anaerobic conditions a c tiv ity  could be restored by inclusion o f suitable 
electron acceptors such as oxidised FAD, cytochrome c, or ferredoxin .
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a-O xidation o f fa tty  acids has been found in both plants and animals and is 
im portan t fo r the form ation or metabolism o f odd carbon fa tty  acids. Whether a
2-hydroxy in term ediate is formed during this process is s t il l uncertain. The 
reaction may involve an FAD, O2  dependent 2-hydroperoxidation. The product 
could then undergo decarboxylation and, via aldehyde dehydrogenase, yie ld a fa tty  
acid one carbon shorter than its  precursor. A lte rna tive ly , in the presence o f a 
suitable reductant, the 2-hydroxyacid could be formed (Shine and Stumpf, 1974).
A number o f fa tty  acid monooxygenases have been reported in higher plant 
tissues. The biosynthetic pathways o f cu tin  and suberin, which form  the s truc tu ra l 
components o f a plant's waxy cu tic le , have been elucidated and reviewed by 
Kolattukudy (1984). The major components o f these polymers are fa tty  acids and 
hydroxyfa tty  acids, pa rticu la rly  pa lm itic , 16-hydroxypalm itic  and 
10,16-dihydroxypalm itic acids. The endoplasmic re ticu lum  frac tion  isolated from  
germ inating V icia faba was found to catalyse the w-hydroxylation o f p a lm itic  acid 
and the reaction required O2  and NADPH (Soliday and Kolattukudy, 1977). 
Although pa lm itic  acid was preferred, stearic , o leic and m yris tic  acids also served 
as substrates. The w-hydroxylation was found to be extrem ely CO sensitive but the 
inh ib ition  did not seem to be ligh t reversible, consequently P-450 involvem ent 
remained uncertain. In the same frac tion  o f V icia faba an NADPH/O 2  dependent 
m id-chain hydroxylation was observed (Soliday and Kolattukudy, 1978) and th is 9 -  
or 10- hydroxylation o f 16-hydroxypalm itic acid was photoreversibly inh ib ited by 
CO, strongly suggesting P-450 involvement.
A m icrosomal P-450 linked lauric  acid monooxygenase from  aged Jerusalem 
artichoke tuber tissue was reported by Salaun et al., 1978. The products were 10-, 
9 -  and 8 - hydroxy acids. Hydroxylation was NADPH and O2  dependent and 
inhib ited by CO in a photoreversible manner. The hydroxylation seemed specific  
fo r lauric acid (Salaun et W., 1981 and 1982) and this w ith  a low Km (0.97 pM) 
indicated a physiological substrate.
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In-chain hydroxylations have also been observed in m icrosomal fractions o f 
Zea mays, Phaseolus aureus, L ilium  regale, Tulipa fosteriana (Salaun e t a l., 1982). 
Helianthus annuus and A m aryllis  (Salaun e t ^ . ,  1984). A lauric  acid w -hydroxylase 
was found in microsomes o f apical buds o f pea seedlings (Benveniste e t al., 1982b), 
lig h t reversal o f CO inh ib ition  demonstrated the involvement o f P-450. Lauric 
acid w-hydroxylase was also observed in microsomes o f soybean. V icia faba. V icia 
sativa (Salaun e t al., 1982) and cau liflow er (Salaun e t al., 1984).
R ic ino le ic acid comprises about 90% of the to ta l fa tty  acid content o f castor 
bean seeds. This C^g hydroxy acid is synthesised by hydroxylation o f o ley l-C oA  at 
the C-12 position (Galliard and Stumpf, 1966). The enzyme responsible is 
m icrosomal and requires reduced pyridine nucleotides, however P-450 is not 
involved since the reaction is not CO sensitive and requires NADH ra the r than 
NADPH.
F a tty  acid desaturation
Lino le ic  acid is the most w idely d istributed and abundant fa tty  acid in p lant 
tissues. A key step in its  form ation is the desaturation o f o ley l-C oA , the enzyme 
responsible being O2  and NADPH or NADH dependent. Aging o f potato slices led 
to the enhancement o f th is o leyl CoA desaturase (Ben Abdelkader e t a l., 1973), 
concom itant increases in b^ and P-450 were also seen suggesting th a t desaturation 
involved both these cytochromes. However, P-450 was shown not to be involved in 
o ley l-C oA  desaturation in safflow er (Vijay and Stumpf, 1972). In yeast, animals 
and algae i t  has been shown tha t b^ is involved in fa tty  acid desaturation (Oshino, 
1978).
F a tty  Acid Epoxidation
Another process in the biosynthesis o f cu tin  involves the epoxidation o f fa tty  
acids. Particu la te  preparations o f spinach leaves were shown to catalyse the 
epoxidation o f 18-hydroxyoctadec-cis-9-enoic acid to the corresponding cis-epoxy
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acid (Croteau and Kolattukudy, 1975a), the enzyme required NADPH and oxygen. 
Additional requirements o f ATP and CoA suggest tha t the epoxidation needed 
activa tion  o f the carboxyl group, CO was found to be inh ib ito ry  and this inh ib ition  
was reversed by ligh t suggesting tha t the epoxidase was P-450 dependent.
Sterols and Sterol L ike Molecules
The biosynthesis o f sterols in plants has been reviewed by Benveniste (1986) 
and Gibbons et al. (1982). The very early steps from  acetate through to geranyl 
pyrophosphate are common w ith  the form ation o f other p lant terpenes. The steps 
to the form ation o f squalene 2,3-oxide are s im ila r to lanosterol biosynthesis in 
fungi and mammals, however, the equivalent squalene 2,3-oxide cyclisation product 
in plants is the stereochem ically d iffe re n t cycloartenol. Cholesterol, the m ajor 
s tero l in mammals, is found in many plants a lbe it in m inor quantities (see Heftm an, 
1984), but is thought to be formed via cycloartenol and not lanosterol. Other 
differences in plant stero l biosynthesis involve side-chain m odifica tions and the 
sequence o f removal o f three m ethyl groups from  the tr im e th y l s te ro l (C^g) 
precursor. In plants removal o f one o f the 4-m ethyls precedes the 
14a-dem ethylation, whereas the la tte r  is the in it ia l dém éthylation in mammals and 
fungi. This d ifference is probably a result o f the re la tive  inaccessib ility o f the 
14a-m ethyl group in cycloartenol.
In mammals and fungi this 14a-dem ethylation is known to involve a P-450 
dependent monooxygenase (Trzaskos et al., 1984; Aoyama and Yoshida, 1986). The 
fungicida l action o f im idazoles and triazoles is due to the inh ib ition  o f the 
14a-demethylase reaction by d irec t liga tion  to the haem iron o f P-450 (Henry and 
Sisler, 1984). Recently the 14a-demethylase in plants has also been shown to be 
P-450 linked, the 14a-dem ethylation o f ob tus ifo lio l (Figure 1.7) in the m icrosom al 
frac tion  o f corn embryo required NADPH and oxygen. The reaction was inh ib ited  
by carbon monoxide or various fung itox ic triazo le  agents, the carbon monoxide 
inh ib ition was lig h t reversible (Rahier and Taton, 1986). Thus fu rth e r s im ila ritie s  
between stero l metabolism in plants and other organisms have been demonstrated.
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HO
HO
obtusifoliol 4a-methyl-5a-ergosta- 
8,14,24(28)-triene-33-pl
Figure 1.7 O btus ifo lio l 14a-dem ethylation
The application of certa in  animal steroid hormones can be seen to influence 
the grow th, development and flow ering o f higher plants (Geuns, 1978, 1982), and 
plants have the enzymic machinery to metabolise such applied steroids. The 
m itochondria l and m icrosomal interconversions o f stero id hormones in mammals 
involve hydroxylation reactions requiring P-450 linked enzymes. There is as ye t 
only c ircum stan tia l evidence to suggest the presence o f s im ila r enzyme systems in 
plants (Geuns, 1977) although several endogenous steroid hormones have now been 
isolated (see Geuns, 1978).
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U n til recently  i t  was believed tha t v itam in  (cho leca lc ife ro l) and its  
m etabolic derivatives were absent in p lant tissues. However, as reviewed by 
Boland (1986), v itam in  and its  m etabolites have now been iden tified  in various 
plants (especially Solanaceae). One o f the roles o f this v itam in in plants paralle ls 
its  mammalian role in the regulation o f calcium  homeostasis. Moreover, a v itam in  
hydroxylation pathway s im ila r to tha t in animals may be operative in plants. I f  
this is so, then m icrosomal and m itochondria l P~450s w ill be involved.
Plants possess a great many stero id like  compounds including wide arrays o f 
saponins, s te ry l glycosides, cardiac glucosides and steroid alkaloids. Various 
interconversions and m odifica tions o f these compounds, like  the steroid hormones, 
may involve insertion o f oxygen functions. M icrosomal fractions o f ce ll cu ltures o f 
D ig ita lis  lanata have been shown to catalyse the hydroxylation o f d ig itox in  
(Figure 1.8) and other cardenolides (pregnane derivatives). Petersen and Seitz 
(1985) demonstrated tha t the 12-3 hydroxylation o f such compounds was P-450 
dependent, NADPH and oxygen were required and p-hydroxym ercuribenzoate 
inh ib ited; illum ina tion  by blue lig h t (maximal in tens ity  450 nm) reversed in h ib ition  
by carbon monoxide. This again demonstrates tha t, as in animals, P-450 in plants 
is responsible fo r the oxygenation o f steroid like  molecules.
OH
CH, CH
H
CH. CH.
OH OH
CH CH
O
0H| o h I
OH OHOH OHOH OH
digitoxin 12 3-hydroxy digitoxin
Figure 1.8 123-H ydroxyla tion o f the cardenolide d ig itox in
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Other Systems
Cytochrome P-450 involvem ent has been suggested in several other systems 
on the basis o f s t i l l  c ircum stantia l or incomplete evidence. The pathway fo r the 
biosynthesis o f the cyanogenic glucoside dhurrin involves an N -hydroxyla tion and a 
methylene hydroxylation (Figure 1.9). Saunders e t al. (1977) showed by sucrose 
density studies tha t these a c tiv itie s  resided in a membrane frac tio n  probably 
derived from  the endoplasmic re ticu lum . This same frac tion  was found to contain 
cinnam ic acid hydroxylase, P-450 and NADPH-cytochrom e c reductase. This led 
to speculation tha t one or both hydroxylations in dhurrin biosynthesis involves 
P-450.
Cytokinins are substances which promote plant ce ll division and
d iffe ren tia tio n . They are formed by the condensation o f adenine and
2 6 A -isopentenyl group at the purine N position. The isoprenoid nature o f the
N^-substituents indicates a relationship in the biosyntheses o f cytokin ins,
gibberellins and abscisic acid. The a c tiv ity  o f the cytokinins depends upon the
m odifica tion o f the N ^-substituent, fo rm ation o f ribosides and ribotides,
glucosylation and m ethy lth io la tion . The m odifica tion by hydroxylation has been
studied by Chen and Leisner (1984). M icrosomal fractions o f cau liflow er
6 2inflorescence were found to 4-hydroxylate N -(A -isopentenyl) adenine and
6 2N -(A -isopentenyl) adenosine (Figure 1.10).
Chen and Leisner (1984) suggested tha t P-450 was involved in cytokin in  
hydroxylation having demonstrated the presence o f P-450 spectra lly , a requirem ent 
fo r NADPH, and inh ib ition  by both CO and metyrapone. However the methodology 
used to demonstrate the CO e ffe c t can be critic ised  in tha t the in h ib ition  may be 
due to a lack o f oxygen. Recently i t  has been shown tha t infusion o f metyrapone 
in to sections o f mature green tomato pericarp inh ib ited the fo rm ation  o f certa in  
m etabolites o f the cytokin in  benzylaminopurine (Long and Chism, 1987). I t  was 
suggested tha t an in it ia l step in benzylaminopurine metabolism may involve a 
hydroxylation s im ila r to tha t observed in the cau liflow er m icrosomal preparations.
26-
^ , . r :
>-450? / T I A ,NOH
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COOH ----------►HO—<  ( ) >— C H , — C
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O — G LU C O S E
' — k
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glucoside
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C r - C  =  N
I
H
4-hydroxymandeIonitrile
Figure 1.9 Biosynthesis o f Cyanogenic Glucoside Dhurrin
CH ,0 H
Figure 1.10 C ytokin in  Isopentenyl 4-H ydroxyla tion
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There has been speculation as to the involvement o f P-450 in the biosynthesis 
o f various classes o f phytoalexins. The terpenoid phytoalexins lubim in and r ish itin  
accumulate a fte r b io tic  e lic ito r  challenge to the potato tuber. Brindle et al. (1985) 
performed studies which showed tha t the hydroxyl oxygen atoms o f lubim in,
rish itin  and hydroxym etabolites o f r ish itin  were derived from  m olecular oxygen 
suggesting monooxygenase partic ipa tion  in the r ish itin  b iosynthetic pathway 
(Figure 1.11). The involvem ent o f P-450 was fu rthe r im plicated by the metyrapone 
inh ib ition  o f lubim in and rish itin  biosynthesis from  mevalonic acid. Hagmann et al. 
(1984) showed tha t a m icrosomal preparation o f e lic ito r challenged soybean ce ll 
suspension cu lture catalysed an NADPH and dioxygen dependent 6a-hydroxyla tion 
o f 3,9-d ihydroxy-pterocarpan, the product being a precursor fo r the soybean 
phytoalexin g lyceollin  (Figure 1.12). Further roles fo r P-450 in the regulation o f 
g lyceollin  biosynthesis have been suggested in the ^ '-hydroxy la tion  o f flavonoid 
compounds (Figure 1.13) and the enzymic rearrangement o f flavanone to isoflavone 
(Hagmann et a l., 1983; Hagmann and Grisebach, 1984) (Figure 1.14). Thus the 
flavonoid 3'-hydroxylase was found to be NADPH and oxygen dependent and carbon 
monoxide was inh ib ito ry .
1.3.2 Foreign Compound Metabolism
A ll reactions so fa r described have been concerned w ith  the involvem ent o f 
P-450 in the metabolism of endogenous plant substrates or exogenously supplied 
natural p lant products. A question arises as to whether plants, like  the mammalian 
system, possess a re la tive ly  non-specific P-450 system responsible fo r the 
metabolism of fore ign compounds (or xenobiotics). A t f ir s t  thought th is seems an 
unnecessary a ttr ib u te  fo r an autotroph but plants are indeed found to metabolise a 
varie ty  o f xenobiotics. These include pesticides and herbicides via oxidative , 
reductive , hydro ly tic  and conjugative reactions. Many o f these reactions have been 
reviewed by Naylor (1976), Baldwin (1977) and Dohn and K rieger (1981). 
Frequently, however, l i t t le  is known of the enzymic mechanisms by which these
-28-
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detoxication reactions occur, although in some cases evidence suggests P-450 is 
involved in some oxidative reactions.
N-dem ethylation is the f irs t  m etabolic step in the detoxication of 
N-m ethylphenyl urea herbicides. Frear e t al. (1969) showed tha t several 
substituted 3 -(pheny l)-l-m e thy lu rea  compounds underwent N -dem ethylation by 
microsomal fractions o f several plant tissues, including leaves from  cotton, 
plantain, buckwheat and broad bean. The enzyme required and NADPH, and 
inh ib ition  by CO and other agents suggested th a t P-450 may be involved. Other 
N -dem ethylation reactions have been reported, thus Young and Beevers (1976) 
demonstrated the N-dem ethylation o f p -ch lo ro -N -m e thy lan iline  (PCMA) in the 
microsomal fractions o f castor bean endosperm. P-450 was im p lica ted  by the 
requirement fo r O2  and NADPH and the inh ib ition by carbon monoxide, 
N ,N -d im ethylan iline  (DMA) also served as a substrate fo r this enzyme. PCMA 
N-dem ethylation has also been observed in avocado mesocarp microsomes (Dohn 
and K rieger, 1984) and Catharanthus roseus (Madyastha et ^ . ,  1977).
The N-demethylase present in castor bean endosperm (Young and Beevers, 
1976) appeared specific fo r N -m ethyl-arylam ines, since other compounds 
N-dem ethylated by mammalian hepatic P-450 such as benzphetamine, and 
aminopyrine did not serve as substrates. There have been reports o f 
benzphetamine N-dem ethylation in m icrosomal fractions o f Jerusalem artichoke, 
cau liflow er, avocado mesocarp, tu lip  bulb and potato tuber (Karasaki et ^ . ,  1983), 
and o f aminopyrine N -dem ethylation in Jerusalem artichoke (Benveniste, 1982a); 
however neither report provided s tr ic t evidence fo r P-450 involvem ent.
The avocado mesocarp has been reported to metabolise several xenobiotic 
compounds including biphenyl, aniline, PCMA and p-n itroaniso le (McPherson e t al.,
1975). These compounds are known to be metabolised by the mammalian hepatic 
P-450 system but no detailed evidence was provided to suggest tha t they were also 
substrates fo r the avocado P-450. S im ilar rates o f substrate m etabolism  were 
observed in both the m icrosomal and soluble fractions, however P-450 was present
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only in the fo rm er. In contrast, Dohn and K rieger (1984) could find  no detectable 
p-nitroaniso le N-demethylase a c tiv ity  in the avocado mesocarp. Dohn and K rieger 
(1984) have demonstrated the presence o f an NADPH-dependent a ldrin epoxidase in 
avocado pear mesocarp. Evidence fo r P-450 involvement was lacking. Earl and 
Kennedy (1975) have shown tha t the system e ffec ting  epoxidation o f a ldrin to 
d ie ldrin in pea roo t microsomes consists o f a NADPH-cytochrom e c oxidoreductase 
and a peroxidase-like te rm ina l oxidase. Inhib itors o f P-450 were found to enhance 
this a c tiv ity .
Plants, like  other forms o f life , may be continuously exposed to 
environmental pollu tants which are po tentia lly  damaging. One o f the most 
widespread is the highly carcinogenic combustion product benzo(a)pyrene and the 
metabolism of th is compound has been reasonably w e ll characterised (Phillips and 
Sims, 1979; Gelboin, 1980). I t  is extensively metabolised in the mammalian system 
and in pa rticu la r by the monooxygenase system of the live r microsomes. Species o f 
P-450 are involved in form ation o f phenolic and dihydrodiol m etabolites via 
epoxide interm ediates; 7,8-diol 9,10-epoxide is thought to act as u ltim a te  
carcinogen covalently binding to DNA. Quinones, formed by autooxidation o f 
certa in phenols, constitu te  only m inor hepatic m etabolites. Benzo(a)pyrene is 
reported to be metabolised by higher plants but the m etabolic p ro files d iffe r  from  
tha t given by the mammalian hepatic system in th a t quinones are generally seen to 
be the major m etabolites. Cell suspension cultures o f Chenopodium rubrum 
metabolised benzo(a)pyrene to give mainly 3,6- and 1,6-quinones and many 
unidentified highly polar compounds, 9,10-dihydrodiol and possibly one other diol 
were also formed as m inor products (Harms et a l., 1977). Tulip bulb and Jerusalem 
artichoke microsomal fractions acted on benzo(a)pyrene to give quinones and 
phenols as major m etabolites. An unidentified product, possibly a d io l, was also 
seen w ith  the tu lip  bulb preparations (Karasaki and Higashi, 1982). The reaction 
required NADPH and Higashi e t al. (1981) suggested th a t P-450 could be involved. 
However, Trenck and Sandermann (1980) found tha t NADPH was not a necessary
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requirem ent fo r benzo(a)pyrene metabolism in m icrosomal fractions o f soya bean 
and pea seedling. Again, the major m etabolites were quinones. I t  was concluded 
tha t the process o f benzo(a)pyrene metabolism in plants d iffe red  considerably from  
tha t in ra t live r.
1.4 Cytochrome P-450 Mechanism: Catalytic cycle and electron transfer
Figure 1.15 represents the ca ta ly tic  cycle fo r the hydroxylation o f substrates 
by liv e r m icrosomal P-450 and is based on the scheme of Estabrook and 
W erringloer (1977). The ca ta ly tic  sequence has been more fu lly  described 
elsewhere (White and Coon, 1980; O rtiz  de Montellano, 1986) but b r ie fly , involves 
the fo llow ing steps: (1) the reversible binding o f substrate to the oxidised P-450 
which results in a characteris tic  spectral change and s h ift in spin state equilibrium  
(see chapter 3), (2) the addition o f one electron from  an external e lectron donor to 
reduce P-450 haem iron to the ferrous state, (3) binding o f molecular oxygen to 
the reduced cytochrome-substrate complex, (4) transfer o f a second electron to 
this now te rt ia ry  complex, (5) cleavage o f dioxygen (the least understood part of 
the process) causing removal o f one oxygen atom as water and fo rm ation  o f an 
activated oxygen-P-450-substrate complex, and fin a lly , (6) cleavage o f the X -H  
bond in the substrate coupled w ith  insertion o f oxygen to form  the hydroxylated 
product and regenerate oxidised P-450. The dashed line represents the support o f 
a c tiv ity  by hydroperoxides which supplant the requirem ent fo r oxygen and electron 
donors (i.e: bypass steps 2-4). This last reaction is not thought to be 
physiologically im portant.
The ca ta ly tic  cycle requires the sequential input o f two electrons. These are 
provided by NADPH and NADH. Figure 1.16 represents the postulated m icrosom al 
electron transfer pathways in liv e r highlighting the channelling o f electrons to
II
P-450. Discussion o f these pathways has been provided by West (1980), Janig and 
P fe il (1984) and Peterson and Prough (1986). In the mammalian live r, NADPH is 
the p re fe ren tia l e lectron donor, although NADH in some cases sustains a lim ite d
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a c tiv ity . However the simultaneous inclusion o f NADPH and NADH at ind iv idually 
subsaturating concentrations shows a synergistic phenomenon on rates o f 
monooxygenation. This was f ir s t  demonstrated by Cohen and Estabrook (1971). I t  
is suggested tha t the f ir s t  e lectron in the cycle is donated by NADPH and 
transferred via the FAD and FMN containing N A D P H -cytoch rom e P-450 
(cytochrome c )*  reductase (Fp^)* The second electron from  NADH is thought to be 
transferred via NADH-cytochrom e b^ (cytochrome c )*  reductase (Fp^) and 
cytochrome b^. The manner in which b^ partic ipates when NADPH is the sole 
electron donor is uncertain although NADPH can slowly reduce b^. However w ith  
the exception o f the 0 -dem ethy la tion  o f p-nitroanisole in rabb it liv e r (Sugiyama et 
al., 1979), resolution o f components and reconstitu tion studies have shown no 
obligatory requirem ent fo r  b^ or its  reductase to obtain NADPH supported a c tiv ity . 
P-450, NADPH-cytochrome P-450 reductase and lip id  (phosphatidyl choline) were 
obligatory. Immunochemical studies have revealed tha t b^ is required fo r the 
NADPH and NADH synergistic e ffe c t but in the presence o f NADPH alone i t  is 
NADPH-cytochrome P-450 reductase ra ther than b^ tha t is responsible fo r the the 
transfer o f the second electron. Further studies using antibodies directed against 
NADPH-cytochrome P-450 reductase have shown tha t when NADH alone sustains 
P-450 a c tiv ity , at least one electron (the f irs t)  must be transferred via NADPH- 
cytochrome P-450 reductase (see Peterson and Prough, 1986 and references 
therein).
*  Cytochrome c is not a normal constituent o f microsomes. Exogenously added 
cytochrome c acts as an a r t if ic ia l e lectron acceptor, and therefore an in h ib ito r.
- 3 7 -
Most evidence obtained so fa r suggests tha t the mechanistic properties o f 
p lant P-450 resemble closely those o f the hepatic system. Lines o f evidence 
include the observation o f type I spectral changes and sh ifts  in spin state 
equilibrium  on the addition o f substrate to oxidised microsomes (Benveniste and 
Durst, 1974; Rich e t al., 1975; Rich and Lamb, 1977; and detailed fu rth e r in 
chapter 3). Another supportive study is the N -dem ethyla tion o f
p -ch lo ro -N -m ethy lan iline  by cumene hydroperoxide in the absence o f NADPH and 
oxygen (Young and Beevers, 1976). Various components analogous to those o f the 
hepatic m icrosomal electron transfer system have frequently been detected 
associated w ith  P-450 in plants including cytochrome b^, NADPH-cytochrom e 
P-450 (cytochrome c) reductase and N A D H — cytochrome b^ (cytochrom e c) 
reductase (West, 1980). Evidence fo r a non haem-iron sulphur prote in analogous to 
those found to partic ipa te  in the m icrob ia l and mammalian m itochondria l P-450 
systems has not been detected in plant microsomes (Rich et W., 1975).
Resolution and reconstitu tion studies o f the various plant m icrosom al 
components have proved d if f ic u lt  due to the lab ile  nature o f some o f the enzymes 
involved. P a rtia l resolution of m icrosomal electron transfer components, namely, 
cytochrome b^, b^ reductase, N ADH - and NADPH-cytochrom e c reductase has 
been obtained by ion-exchange chromatography on DEAE-cellulose o f detergent 
solubilised microsomes from  Marah macrocarpus endosperm (Hasson and West, 
1976). However, neither P-450, P-42Ü (the denatured form  o f P-450) nor kaurene 
oxidase a c tiv ity  was detected in any column eluate frac tion  but was present in the 
solubilised microsomes. Reconstitution o f fractions containing the various electron 
transfer components w ith  phospholipid fa iled  to restore kaurene oxidase a c tiv ity  
but th is was believed to be due to the degradation o f P-450 through manipulations 
required fo r solubilisation and frac tiona tion . Madyastha et a l., (1976) solubilised a 
membrane bound P-450 —linked monoterpene hydroxylase from  Vinca rosea 
microsomes. P-450 and NADPH-cytochrome c reductase were p a rtia lly  resolved on 
DEAE-cellulose; both fractions contained some hydroxylase a c tiv ity  but op tim a l
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a c tiv itie s  were obtained only when P-450 and reductase fractions were combined 
w ith  lip id  ex trac t. However the reconstituted hydroxylase a c tiv ity  was only a 
small portion o f tha t seen in solubilised membrane fractions, again demonstrating 
the highly labile nature o f the P-450 system. A pa rtia lly  purified  preparation o f 
NADPH-cytochrome c reductase was obtained from  Catharanthus roseus involving 
a ff in ity  chromatography on 2',5'-ADP-sepharose 4B (Madyastha and Coscia, 1979). 
This preparation lacked b^, P-450 and NADH-cytochrom e c reductase but was 
capable o f being reconstitu ted to give geraniol hydroxylase a c tiv ity  in the presence 
o f p a rtia lly  purified  P-450 and lip id . I f  e ither P-450 or NADPH-cytochrom e c 
reductase were deleted from  the reconstitu ted system, a s ign ifican t loss in 
hydroxylase a c tiv ity  was observed. Therefore these workers suggested tha t the 
NADPH-cytochrome c reductase could be iden tified  as NADPH-cytochrom e P-450 
reductase. Employing s im ila r a ff in ity  and other chromatography methods, 
NADPH-cytochrome P-450 reductase has been obtained in a highly purified  state 
from  Jerusalem artichoke and sweet potato (Benveniste et al., 1986; F u jita  and 
Asahi, 1985b). The enzyme from  Jerusalem artichoke was able to reconstitu te  
cinnamic acid 4-hydroxylase a c tiv ity  when associated w ith  a p a rtia lly  purified  
tuber P-450 and phospholipid.
As w ith  the hepatic m icrosomal P-450 system, the p lant P-450 systems a ll 
u tilised NADPH p re fe ren tia lly  as source o f reducing equivalents. In some cases 
NADH could be substituted fo r NADPH, but was seen to be fa r less e ffic ie n t. 
However, fo r cinnamic acid 4-hydroxylase in sweet potato and potato (Tanaka et 
al., 1974; Rich and Lamb, 1977) and fe ru lic  acid 5-hydroxylase in poplar stem
(Grand, 1984), NADH w a s  f o u n d  t o  b e /  to ta lly  in e ffe c tive . The synergistic 
stim u la tion  o f P-450—linked enzyme a c tiv itie s  on simultaneous inclusion o f 
subsaturating NADPH and NADH has also been observed in plants (H ill and Rhodes, 
1975; Madyastha et a l., 1976; Benveniste et al., 1977, 1982b; Grand, 1984). This 
could advance the argument fo r the partic ipa tion  o f N A D H -cy toch rom e  b^ 
reductase in the electron transfer to P-450. Another proposition to explain this
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synergism involves the transhydrogenation o f NADP'*’ by NADH (Murphy and West, 
1969) although other workers have demonstrated tha t this process is not involved 
(Madyastha et al., 1976; Benveniste et ai., 1982b; Petersen and Seitz, 1985). 
Benveniste e t al. (1982a) showed tha t NAD"^ and NADP"*" analogues, 
am inonicotinam ide adenine dinucleotide (AAD***) and am inonicotinam ide 
adenine dinucleotide phosphate (AADP"*") spec ifica lly  inhib ited NADH -cytochrom e 
c reduction and NADPH-cytochrom e c reduction respectively in Jerusalem 
artichoke microsomes. AADP^ was found to inh ib it both NADPH and NADH 
supported cinnamic acid 4-hydroxylase in the same fractions, however, AAD"^ was 
found to in h ib it neither. This suggests tha t transfer o f at least one electron from  
NADH must require NADPH-cytochrom e P-450 (cytochrome c) reductase. 
However AAD ^ was found to in h ib it the s tim u la tory e ffe c t o f NADH on NADPH 
supported a c tiv ity . This demonstrates a s im ila r situation to the liv e r microsomes 
in tha t b^ or its  reductase is required fo r the synergism. Studies using antibodies 
raised against Jerusalem artichoke NADPH-cytochrom e P-450 reductase were 
found to in h ib it NADPH-cytochrom e c reductase but not NADH cytochrome c 
reductase. However inclusion o f such antibodies inhib ited both NADH and NADPH 
supported cinnamic aCid 4-hydroxylase a c tiv ity . This and the earlie r work led to 
the conclusion tha t NADPH-cytochrom e P-450 reductase was involved in the 
transfer o f reducing equivalents between NADPH (and NADH) and P-450 
(Benveniste et a l., 1986).
1.5 Induction o f Cytochrom e P-450 in  Plants
There are a few examples o f xenobiotic ^ induction o f P-450 in higher plants 
which may be compared w ith  the drug induction o f P-450 in hepatic tissue. 
However other processes resulting in p lant P-450 induction, including wounding and 
aging o f certa in  tissues, the response to fungal in fection , and by changes in 
illum ina tion , do not appear to have any mammalian paralle l.
*  I t  is o ften not clear whether the process o f true induction i.e . de novo synthesis
has been observed. Induction is used here in the context o f enhancement o f P-450
amount or enzyme a c tiv ity .
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1.5.1 Response to wounding and aging
Events occurring on the mechanical in jury or wounding o f p lant tissues have 
been reviewed (U ritan i and Asahi, 1980). B rie fly , in jury to p lant tissues, especially 
storage tissues, leads to an increase in respiration and biochem ical processes 
re lated to wound healing, lign ifica tion  and suberization. The biosynthesis o f lignin 
may involve two P-45G-linked enzymes; cinnamic acid 4-hydroxylase (involved in 
phenylpropanoid precursor synthesis) and fe ru lic  acid 5-hydroxylase. Marked 
enhancement o f P-45Ü, cinnamic acid 4-hydroxylase and other components o f the 
m icrosomal electron transfer system have been demonstrated m v itro  a fte r  slic ing 
and aging discs o f several tuberous tissues in moist conditions. Tissues showing this 
response include potato tuber (C o tte -M artinon  e t al., 1974; Rich and Lamb, 1977), 
sweet potato (Tanaka et ^ . ,  1974), swede root (H ill and Rhodes, 1975) and 
Jerusalem artichoke (Benveniste e t a l., 1977). Karasaki and Higashi (1982) 
confirm ed the increase o f P-450 content in Jerusalem artichoke but found tha t 
tu lip  bulb tissue, subjected to the same conditions, showed no enhancement o f its  
re la tive ly  high constitu tive  P-450 content. Salaun et (1978 and 1981) have 
demonstrated a weakly wound inducible Jerusalem artichoke P-450 linked lauric  
acid hydroxylase. This enzyme may be involved in the biosynthesis o f suberin 
precursors.
1.5.2 Response to Parasitic In fection
One response o f plants to parasitic in fec tion  is the production o f a co llec tion  
o f low molecular weight an tib io tic  compounds re ferred to as phytoalexins. Classes 
o f phytoalexins include flavonoids, terpenes, and stilbenes (Stoessl, 1982). P-450 is 
known to be involved in the biosynthesis o f a t least some o f these compounds.
The in fection  o f sweet potato roo t tissue w ith  Ceratocystis f im b ria ta  leads to 
the accumulation o f fung itox ic furano-terpenes such as ipomeamarone (Oba e t a].,
1976). This compound has been shown to be metabolised by a P-450-linked 
ipomeamarone 15-hydroxylase (Fu jita  e t al., 1981). Both P-450 and the
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15-hydroxylase are induced by in fection  o f the sweet potato roo t (Fu jita  et W., 
1982).
The mechanism by which phytoalexin production and accompanying 
biosynthetic enzyme a c tiv itie s  are induced is uncertain. Several theories have 
been reviewed (U ritan i, 1978) but the u ltim ate  inducing agents are fungal ce ll w a ll 
polysaccharides or glycoproteins. Glucan e lic ito rs  are known to increase cinnamic 
acid 4-hydroxylase a c tiv ity  and lead to the accumulation o f phenylpropanoids in 
ce ll cultures o f parsley (Hagmann et W., 1983); to induce isoflavone synthase 
(Hagmann and Grisebach, 1984) and 3,9-dihydroxypterocarpan 6a-hydroxylase in 
soybean ce ll cu lture  (Hagmann et al., 1984). These la tte r  two enzymes are both 
thought to be P-450 linked and are involved in flavonoid phytoalexin biosynthesis. 
I t  has also been shown tha t e lic ito r  trea tm ent o f bean ce ll suspension cultures leads 
to the accumulation o f several isoflavonoid derived phytoalexins and the selective 
induction o f key enzymes d irec tly  re lated to the ir syntheses. These included 
cinnamic acid 4-hydroxylase which was seen to increase in para lle l w ith  a puta tive  
P-450 (Bolwell e t a l., 1985; Bolwell and Dixon, 1986; and Robbins et a l., 1985).
1.5.3 Response to L igh t
The involvement o f ligh t in the regulation o f flavonoids and the ir 
phenylpropanoid precursors is now w e ll known (A ttridge  and Smith, 1967; Hahlbrock 
et al., 1971). Russell (1971) observed tha t cinnamic acid 4-hydroxylase a c tiv ity  in 
etio la ted pea seedlings was substantia lly increased by b rie f irrad ia tion  tw elve hours 
before harvesting. The response was shown to be phytochrome mediated. S im ilar 
a c tiv ity  increases, and an accompanying small increase in P-450 content, were 
observed by Benveniste et al. (1978). Both red and blue lig h t were found to be 
e ffe c tive  in prom oting hydroxylase a c tiv ity . The involvement o f phytochrome was 
again demonstrated by re d -fa r red photo-reversion on cinnamic acid 4-hydroxylase 
a c tiv ity . Temporary induction o f enzymes involved in the general phenylpropanoid 
and flavonoid glycoside biosynthetic pathways in irrad ia ted  parsley ce ll cultures
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were reported by Hagmann et al. (1983). Induced enzymes included cinnamic acid
4-hydroxylase and the possibly P-450-linked flavonoid 3'-hydroxylase. Contrary to 
the lig h t induced P-450 linked enzyme a c tiv itie s  already mentioned, illum ina tion  o f 
dark growth mung bean seedlings resulted in a decrease in to ta l P-450 content, 
whereas lig h t grown seedlings subjected to darkness showed an increase in P-450 
content (Hendry e t al., 1981b).
1.5.4 Chem ical Induction
Induction o f p lant P-450 by natural p lant secondary products has been 
reported (Hendry and Jones, 1984). The feeding o f geraniol and trans-cinnam ate to 
mung bean seedlings resulted in increased to ta l P-450 content. Both these 
compounds are recognised plant P-450 substrates. However, m etabolic studies 
concerning the possible enhancement o f geraniol and cinnamic acid hydroxylases 
were not reported. Consequently, a question remains as to whether P-450 
substrates have the a b ility  to induce the ir own metabolism in plants.
Xenobiotic induction o f P-450 in Jerusalem artichoke over and above tha t 
brought about by wounding and aging has been demonstrated by Reichhart et ai. 
(1979, 1980). Inclusion o f manganese, ethanol, phénobarbital, and certa in  
herbicides in the 'aging* media resulted in superinduction o f P-450 and to a lesser 
extent cinnamic acid 4-hydroxylase. Manganese was found to be the most potent 
inducer o f cinnamic acid 4-hydroxylase and P-450. Iron (which had no e ffe c t 
alone) fu rthe r enhanced the manganese e ffe c t. Phénobarbital (typ ica l inducer o f 
mammalian live r P-450) stim ulated P-450 content but this increase was not 
paralleled by cinnamic acid 4-hydroxylase. Phénobarbital was unique among the 
inducers tested in tha t i t  also induced NADPH-cytochrome P-450 (cytochrome c) 
reductase a c tiv ity . Induction o f NADPH-cytochrome P-450 reductase in the livers  
o f treated animals is characteris tic  o f phénobarbital type but not po lycyclic  
arom atic hydrocarbon type inducers. Salaun e t (1981) went on to demonstrate 
tha t phénobarbital and not manganese was the most potent inducer o f in -cha in
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lauric  acid hydroxylase a c tiv ity  in Jerusalem artichoke. 2,4-bichlorophenoxyacetic 
acid (2,4-D) was found to induce cinnamic acid 4-hydroxylase but not the artichoke 
lauric  acid hydroxylase (Adele et al., 1981). One route o f metabolism o f th is 
herbicide is via hydroxylation which leads to the deactivation (and thus 
detoxication) o f the compound. Makeev e t (1977) have shown tha t the 
hydroxylation o f 2,4-D  and o f cinnamate both occur in the m icrosomal frac tion  in 
cucumber, the 2,4-D  hydroxylation possesses some characteris tics o f a P-450 
linked reaction. P retreatm ent o f plants w ith  2,4-D  enhanced its  own 
hydroxylation. The herbicide N-(3-chlorophenyl)-isopropylcarbam ate
(chlorpropham) was found to inh ib it both P-450 and cinnamic acid 4-hydroxylase 
induction but 2,6-d ich lorobenzonitrile  (D ichlobenil) stim ulated enhancement o f 
P-450 and to a lesser extent, cinnamic acid 4-hydroxylase.
3 -(4 -C h lo ropheny l)-l,l-d im e thy lu rea  (Monuron) also induced P-450 content but had 
no e ffe c t o f cinnamic acid 4-hydroxylase a c tiv ity . More characterisation o f 
herbicide metabolism is required before i t  can be decided whether i t  is mediated by 
enzymes With roles in normal in term ediary metabolism or whether special enzymes 
are involved w ith  specific roles in p lant defence.
1.6 M u ltip le  Forms o f P-450 in H igher P lant Tissues
There are several lines o f evidence to suggest the existence o f independent 
P-450 species in plant tissues. Rich and Lamb (1977) observed the d iffe r in g  ra tios 
o f cinnamic acid 4-hydroxylase to P-450 in microsomes derived from  a number o f 
d iffe re n t p lant tissues. They suggested tha t only a frac tion  o f the P-450 present 
was involved in cinnamic acid hydroxylation, and the presence o f m u ltip le  form s o f 
P-450 w ith  d iffe ring  substrate specific ities . Karasaki et al. (1983) also showed 
tha t P-450 concentration and cinnamic acid 4-hydroxylase a c tiv ity  were not 
proportional in a varie ty o f plant tissues. This could be explained by e ithe r each 
plant having one P-450 form  each w ith  d iffe ring  a ff in ity  fo r cinnam ic acid, or 
plants having m ultip le  P-450 forms w ith  variable d istributions o f these form s 
between plant tissues. The la tte r  explanation seems more plausible.
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Soliday and Kolattukudy (1978) reported differences in carbon monoxide 
sensitiv ity  and the pho torevers ib ility  o f th is inh ib ition  fo r pa lm itic  acid 
w-hydroxylase and hydroxypalm itic acid m id-chain hydroxylase in Vicia faba. 
These findings suggested the two hydroxylations were catalysed by d iffe re n t 
enzymes. The hydroxylation o f lauric  acid in plants appears to be catalysed by at 
least two d iffe re n t P-450-linked enzymes, one responsible fo r the lauric  acid 
w -hydroxyla tion and the other fo r the lauric  acid 9-hydroxylation (Salaun et a l., 
1982, 1984). In the plant tissues surveyed, these hydroxylases appeared m utually 
exclusive, only one or the other was found in any one given tissue.
The d iffe re n tia l regulation and d is tribu tion  o f various P-450 linked enzyme 
a c tiv itie s  w ith in  a given plant tissue have also indicated the existence o f m u ltip le  
forms o f P-450. F u jita  and Asahi (1985) noted the d iffe re n t in trace llu la r location 
o f cinnamic acid and ipomeamarone hydroxylases in sweet potato roo t. The study 
o f tissue d is tribu tion  o f cinnam ic and fe ru lic  acid hydroxylases in poplar stem 
showed tha t the ra tio  o f these two a c tiv itie s  d iffe red  between xylem and 
sclerenchyma fractions (Grand, 1984). Addition o f p-coum aric acid (product o f 
cinnamic acid 4-hydroxylase and a negative e ffec to r) had no e ffe c t on fe ru lic  acid
5-hydroxylase.
The regulation o f lauric  acid 9-hydroxylase and cinnamic acid hydroxylase in 
Jerusalem artichoke are c learly independent o f each other. Cinnamic acid does not 
a ffe c t the apparent or o f lauric acid hydroxylation and, conversely,
lauric  acid does not a lte r the k ine tic  parameters o f cinnamic acid hydroxylation 
(Salaun e t al., 1981). Wounding and aging o f tuber tissue leads to the enhancement 
o f cinnamic acid hydroxylase which parallels tha t o f P-450. The induction o f lauric  
acid hydroxylase does not corre la te , signify ing tha t th is enzyme constitutes a much 
sm aller proportion o f the to ta l P-450 present. Inclusion o f
2,4-dichlorophenoxyacetic acid in the aging media p re fe ren tia lly  induces cinnam ic 
acid hydroxylase, whereas manganese ions and phénobarbital induce both enzyme 
a c tiv itie s  but w ith  d iffe ring  e ffects . Thus Mn^^ is a more potent inducer o f
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cinnamic acid hydroxylase than phénobarbital, however the reverse is true fo r 
lauric  acid hydroxylase (Salaun e t W., 1981; Adele et al., 1981; Reichhart e t al., 
1980). Further to th is, a selective inh ib ition o f each reaction has been found; 
1-am inobenzotriazole selective ly inactivates cinnamic acid hydroxylase (Reichhart 
et al., 1982) whereas 9-decenoic acid and other unsaturated fa tty  acids substrate 
analogues suppress lauric acid hydroxylase (Salaun e t a l., 1984). Other induction 
studies have also suggested m ultip le  P-450 forms in higher plants. Hagmann et al. 
(1983) reported tha t an e lic ito r trea tm ent o f parsley ce ll cu lture  suspensions led to 
an increase in cinnamic acid hydroxylase a c tiv ity  and P-450 content, however 
P-450 linked flavonoid 3'-hydroxylase was not a ffected . Hendry and Jones (1984) 
observed the induction o f spectra lly d iffe re n t forms of P-450 in mung bean. The 
constitu tive  P-450 gave a maximum in the carbon monoxide reduced d iffe rence 
spectrum at 452 nm. Feeding seedlings geraniol and cinnamate led to the 
form ation o f P-450 forms w ith  maxima at 449 and 451 nm respective ly.
1.7 Aims o f Study
The classic f ir s t  screen fo r the presence o f P-450 is the location o f a peak at 
or near 450 nm when a CO -difference spectrum is run in the presence o f d ith ion ite . 
Spectral in terference by other plant pigments (e.g. chlorophyll) is a m ajor problem 
w ith  this procedure but th is c rite rion  does show the presence o f P-450 in a range o f 
angiosperm tissues. In some cases, avocado mesocarp, tu lip  bulb, and arum spadix, 
concentrations (nmol mg~^ microsomal prote in) approach tha t o f mammalian liv e r 
and w ith  the immense range of plant species, many more may be found. What is 
the relationship between these high P-450-containing plant tissues?
Whereas the functions o f mammalian P-450 have been developed in to an 
elaborate ed ifice , the roles in plants are s t i l l  fa r from  clear. By studying binding 
characteristics and by an approach to pu rifica tion , the aim o f these studies is to 
gain in form ation on th is m icrosomal prote in and compare i t  w ith  the classic source 
- ra t live r. The ra t live r P-450 system has been described as uniquely versatile .
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plant P-450 seems highly selective. In both cases there is evidence o f 
responsiveness to environmental change and th is can be used as a fu rthe r approach 
to the study o f function. Much o f the study to be described in the fo llow ing 
chapters can be summarised under the heading "The search fo r a substrate."
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CHAPTER 2
ISOLATION, SOLUBILISATION AND PURIFICATION  
OF CYTOCHROME P-450 IN  SOME HIGHER PLANT TISSUES
—48—
2.1 In troduction
Cytochrome P-450 has been detected spectra lly in the m icrosomal 
fractions from  a varie ty  o f p lant tissues (see Table 1.1) and possesses several 
characteristics in common w ith  the mammalian hepatic form  (see 1.4). 
T rad itiona lly , preparation o f m icrosomal fractions has involved an approxim ately 
10,000g X 15 m in centrifugation o f tissue homogenates to remove nuclei, 
m itochondria, and other ce ll debris. The post-m itochondria l supernatant is then re ­
centrifuged at 105,000g x 60 m in to obtain the m icrosomal pe lle t. However, to 
achieve the appropriate rpm values, ro tors o f re la tive ly  sm all capacity are 
required. Procedures have been developed employing re la tive ly  low speed 
centrifugation  o f post-m itochondria l supernatants fo llow ing p rec ip ita tion  or 
aggregation o f microsomes by a s h ift o f pH to 5.4 (Karle r and Turkanis, 1968), 
addition o f d ivalent cations (Kamath and Ananth Narayan, 1972) or the addition of 
polymer polyethylene glycol (Van der Hoeven, 1981; Sadler et a l., 1985; Batel et 
a l., 1986). P recip ita tion by ac id ifica tion  is not appropriate i f  the a c tiv itie s  o f 
many m icrosomal enzymes are to be preserved (Schenkman and C in ti, 1978).
Microsomal aggregation using calcium has been w idely used fo r ra t live r 
m icrosomal preparations (Kamath e t al., 1971; C in ti et W., 1972; Kupfer and Levin, 
1972). Kamath and Ananth Narayan (1972) showed tha t only m inor differences in 
enzyme ac tiv itie s  and other parameters existed between Ca^^-aggregated 
microsomes and those prepared by high speed centrifugation . Schenkman and C in ti 
(1978) have stressed tha t th is is not necessarily true fo r m icrosomal preparations 
from  a ll tissues and, p rio r to its  application, the method needs to be validated. The 
calcium method has been used to obtain m icrosomal fractions from  plant tissues. 
Larkins and Davies (1973) used Ca^^ to prepare microsomes from  pea seedlings but 
found extensive degradation o f polysomes. Diesperger e t ^ . ,  (1974) m odified the 
method o f Ca^^ p rec ip ita tion  fo r rapid preparation o f p lant microsomes from  
parsley cells, but found inh ib ition  o f cinnam ic acid 4-hydroxylase (a P-450 linked 
enzyme) and cholinephosphotransferase. The same workers found th a t trea tm en t
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w ith  gave parsley m icrosomal prote in and phospholipid concentrations s im ila r
to those obtained from  conventionally prepared microsomes and the ac tiv itie s  o f 
cinnamic acid 4-hydroxylase and cholinephosphotransferase were reproducibly 
higher. The recovery o f P-450 measured by difference spectra has not been 
detailed using these methods o f m icrosomal preparation from  plant tissues.
The use o f polyethylene glycol (PEG) as a too l fo r frac tiona l 
prec ip ita tion  was f ir s t  introduced by Poison et W., (1964), and its  properties in this 
role have been more recently documented by Ingham (1984). The main advantage 
of th is polymer over other agents such as ethanol or ammonium sulphate is tha t i t  
m inimises dénaturation o f proteins. Van der Hoeven (1981) f irs t  demonstrated the 
use o f th is method of preparing m icrosomal fractions from  ra t liv e r to c ircum vent 
the need fo r high speed centrifugation . Sadler e t W., (1985) found tha t low PEG 
concentrations caused the aggregation o f yeast m icrosomal proteins enabling large 
scale low speed centrifugation  recovery o f P-450 w ith  m in im al dénaturation. 
E ffo rts  to achieve the same ends using ammonium sulphate, acetone or calcium  
ions resulted in extensive P-450 loss. Batel e t a l., (1986) used PEG to obtain the 
microsomal frac tion  from  the post-10,OOOg supernatant o f crab hepatopancreas by 
low speed centrifugation . However, as ye t, there has been no report o f the 
adoption o f th is method fo r the preparation o f microsomes from  higher plants.
The successful solubilisation, resolution and reconstitu tion  o f P-450 and 
the other components o f P-450- linked m ixed-function oxidase systems from  
mammalian and other organisms, along w ith  the production o f antibodies against 
these purified  proteins, has yielded much in form ation on the nature and 
organisation o f these systems. In comparison there has only been lim ite d  success 
w ith  plant systems, but so fa r the evidence obtained supports the idea tha t s im ila r 
electron pathways may partic ipa te  in m ixed-function oxidases in both higher p lant 
and hepatic microsomes (1.4).
The f ir s t  step in the pu rifica tion  o f membrane bound prote in involves 
release from  the membrane in to the soluble phase a fte r centrifugation  a t 1 0 0 , 0 0 0 g.
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Early attem pts using enzymic digestion to ex trac t electron transfe r components 
from  plant microsomes fa iled (Hasson and West, 1976). Solubilisation using a range 
of detergents has been more successful, (Hasson and West, 1976; Madyastha et W., 
1976; Higashi e t a l., 1983 and 1985; F u jita  and Asahi, 1985b; Gabriac e t a l., 1985; 
Benveniste et al., 1986).
To date, two highly purified plant P-450s have been obtained from  
Jerusalem artichoke and tu lip  bulb (Gabriac et al., 1985; Higashi e t W., 1983 and 
1985). The P-450 obtained from  Jerusalem artichoke involved in cinnam ic acid 
hydroxylation was purified by exchange chromatography on two DEAE-Trisacyl 
columns. The f ir s t  column in conjunction w ith  a KC l gradient, brought about the 
elution o f the m ajor portion o f m icrosomal proteins. Follow ing the inclusion o f the 
detergent Emulgen 911, co-elution o f P-450 and b^ occurred. The second column 
employed a KC l gradient containing Emulgen 911 throughout to bring about the 
resolution o f b^ and P-450. Reconstitution o f maximal cinnamic acid hydroxylase 
a c tiv ity  required the inclusion o f the purified  P-450, purified  NADPH-cytochrom e 
c reductase and phospholipid. The pu rifica tion  o f a single m ajor form  o f 
m icrosomal P-450 from  tu lip  bulb involved a more complex chrom atographic 
procedure employing a Sephadex A-25 column, prote in frac tiona tion  using PEG, 
DEAE-cellulose and hydroxylapatite columns. The physiological role o f the P-450 
obtained was unknown but on raising antibodies against this prote in i t  was found to 
be im munochemically d is tinc t from  m icrosomal P-450s o f other plants. However, 
its  amino acid composition was found to be s im ila r to those reported fo r ra t livers .
The aims of the present study were to extend the survey o f cytochrom e 
P-450 occurrence in higher plants, to confirm  the higher concentrations o f P-450 
found in some plant tissues and to compare spectra lly these p lant P-450s w ith  those 
o f ra t liv e r m icrosomal preparations. From this survey appropriate p lant tissues 
were chosen fo r fu rthe r study based on the c r ite r ia  o f P-450 content and s ta b ility , 
tissue ava ilab ility  and ease o f m icrosomal preparation. Selected tissues were also 
assayed fo r other components o f the m icrosomal electron transfer system. The use
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of conventional high speed centrifugation  to obtain adequate m icrosomal m ate ria l 
fo r such studies can be laborious. Thus, an a lte rna tive  method of m icrosomal 
preparation, using aggregating agents and low speed centrifugation  was sought. 
This involved a comparative study o f three methods o f m icrosomal preparation 
from  plant and mammalian tissues. The fin a l aim was to solubilise and p a rtia lly  
purify  P-450 from  avocado mesocarp and tu lip  bulb. The products o f these 
pu rifica tion  procedures were compared w ith  each other and w ith  purified  P-45ÜS 
from  ra t live r. In it ia lly , several detergents were tried  as solubilising agents fo r 
m icrosomal proteins as suggested by Hjelmeland and Chrambach (1984). O ptim al 
conditions were found fo r the detergent chosen as solubilising agent fo r the in it ia l 
stages o f the pu rifica tion  procedure.
2.2 M ateria ls
DEAE-Sephacel was obtained from  Pharmacia (UK) L im ited . Biogel HT 
(Hydroxylapatite), Coomassie b r illia n t blue R250 and bromophenol blue were 
obtained from  Biorad Laboratories (W atford, Hertfordsh ire). Emulgen 911 was a 
g if t  from  K .A.G . A tlas Co (Tokyo, Japan). SEP-PAK Cj^g cartridges were from  
Waters Associates (M ilfo rd , Massachusettes, USA). G lycerol was obtained from  
May & Baker L im ited  (Dagenham, Essex). Sodium dodecyl sulphate, N ,N- 
m ethylene-bis-acrylam ide, N ,N -tetram ethyle thylenediam ine (TEMED) and a ll 
proteins used as m olecular weight markers fo r sodium dodecyl sulphate 
polyacrylam ide gel electrophoresis (SDS PAGE), polyvinylpyrro lidone, cytochrom e 
c. Tris (Trizm a base), NADH, NADPH, potassium ferricyan ide , glucose 6 - 
phosphate, d ith io th re ito l, sodium cholate, sodium deoxycholate, 3 -[ (3- 
cholamidopropyD-dimethylammonio] -1-propane sulphate (CHAPS), o c ty l glucoside, 
bovine serum albumin, d ith io th re ito l and Fo lin-C ioca lteu phenol reagent were a ll 
purchased from  Sigma Chemical Co L im ited  (Poole, Dorset). Polyethylene glycol 
6000 (H 0 .CH 2 «CH2 .0 -)^C H 2 .CH 2 «0 H where n is in the range o f 130, average M^ 
weight 6000-7500), Acrylam ide grade 1 (E lectran), 2-mercaptoethanol and a ll o ther
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chemicals (Analar grade) were purchased from  B ritish  Drug Houses L im ited  (Poole, 
Dorset). Hepatic m icrosomal preparations from  phénobarbital and 3- 
m ethylcholanthrene trea ted rats and a preparation o f purified  cytochrome P-448 
were g ifts  from  Mr A D Rodrigues. The preparation o f sem i-purified cytochrome 
P-452 was a g if t  from  M r R Sharma.
Plant Tissues
Avocado pears (Hass and Fuerte varieties) were purchased throughout the 
year from  local shops (mainly Marks and Spencers PLC). F ru its  were obtained 
when hard to the touch and used at a softness assessed to indicate optim al 
e d ib ility . Tulip bulbs (many varieties) were purchased from  local garden centres 
(September-November) and stored in open brown paper bags a t 8 °C  in the dark 
un til required. Arum maculatum plants were harvested from  the w ild  at tim e of 
flow ering (late-spring) and processed im m ediate ly. Castor beans (Sri-Lankan) were 
a g if t  from  Croda Prem ier Oils L im ited  (S tanferry, Hull). These were stored in 
polythene in a dry atmosphere in the absence of lig h t. Horseradish plants were 
harvested from  the grounds o f the University o f Surrey and processed im m edia te ly. 
Ripe olives from  the grounds o f the Is titu to  Nazionale della N u triz ione, Via 
Ardeatina, Roma, were a g if t  from  Dr Enrica Q uattrucc i. Other plants were 
obtained from  local shops and garden centres, as required.
Animals
Male W istar albino rats (200-250g) were supplied by the Anim al Breeding U n it, 
U n iversity o f Surrey, and fed a standard d ie t (Spratt's Laboratory An im al D ie t 
N o .l) w ith  drinking w ater ad lib itu m . A 12-hour lig h t cycle was in operation (0700- 
1900 ligh t) at 22°C and 50% hum id ity.
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2.3 Methods
2.3.1 Preparation o f Tissue Homogenates
(a) Avocado pear (Persea americana) Mesocarp
Undamaged, ripened fru its  (soft to the touch) were taken, halved and the ir 
stones removed. The mesocarp (creamy butter-coloured flesh) was scooped 
out from  the exocarp, weighed and homogenised in 1.5-2 volumes o f ice-cold 
homogenising bu ffe r (lOOmM potassium phosphate bu ffe r, pH7.4) using a pre­
cooled O sterizer 'Dual Range Pulse M atic  16' blender (10s low speed setting 
8 , 2 0 s high speed setting 16).
(b) Tulip (Tulipa) Bulbs and Other Bulb-Like Tissues
Bulbs were washed in tap w ater and th e ir outer scales removed. Bulb tissue 
was chopped fine ly  w ith  a sharp kn ife  and disrupted in 2  volumes of 
homogenising bu ffe r (Osterizer blender: 10s low speed setting 8 , 25s high 
speed setting 16) fo llowed by the use o f a Polytron (2 x 10s maximum speed). 
A lte rna tive ly , chopped tissue was homogenised in 2 volumes o f homogenising 
bu ffe r (Osterizer blender: 15s low speed setting 8 , 45s high speed setting 16).
(c) Arum maculatum Spadix
Unfurled and undamaged spathes were collected, the purple un fe rtilised  
spadices, removed and homogenised in 2-4 volumes o f homogenising bu ffe r 
(O sterizer blender: 5s low speed setting 8 , 5s high speed setting 16).
(d) Castor Beans (Ricinus communis) Endosperm
Beans were le f t  to soak overnight in running tap w ater and then placed on 
moist paper towels in p lastic trays and allowed to germ inate fo r  3 days at 
30°C in the absence o f ligh t. Seedlings showing overt fungal a ttack  or decay 
were removed im m ediate ly. A fte r  germ ination, endosperms were harvested, 
halved and chopped using an 'Autochop' device. Chopped tissue was
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homogenised in 3 volumes o f homogenising bu ffe r (Osterizer blender: 10s low 
speed setting 8 , 2 0 s high speed setting 16).
(e) Mung Bean (Phaseolus aureus)
Mung beans were subjected to a s im ila r procedure to the castor bean. A fte r  
a germ ination period o f 4 days, seedlings were harvested and the sprouted 
tissue (plumule, cotyledon, hypocotyl) taken and homogenised in 1  volume o f 
homogenising bu ffe r (MSE homogeniser a t fu ll speed 2 x 5s and 15s).
(f) Potato (Solanum tuberosum) Tuber
Seed potatoes ('Pentland Javelin ' cu ltiva r) were allowed to sprout by leaving 
them at room tem perature in the absence o f lig h t. A fte r  thorough washing in 
tap water, the seed potatoes were divided in to selected regions, namely, 
sprouting tissue, disks o f tissue d irec tly  beneath sprouting area, skin (peeled 
as th in ly  from  the rest o f the tuber as possible) and isolated tuber tissue. 
Tissues were homogenised under the same conditions as the avocado pear 
mesocarp (Section 2.3.1.a).
(g) Horseradish (Am oracia rusticana) Root
Foliage was cu t away from  the horseradish roo t, the exodermis was stripped 
o ff  and the root was washed thoroughly in running tap w ater. The roo t tissue 
was then fine ly  chopped w ith  a sharp kn ife  and homogenised in 2  volumes o f 
homogenising bu ffe r (Osterizer blender: 30s low speed setting 8 , 60s high 
speed setting 16).
(li) O live (Olea europaea)
Whole black olives were washed in tap w ater and homogenised in 2 volumes of 
homogenising bu ffe r containing 0.1 v /v  2-mercaptoethanol (Osterizer blender: 
30s low speed setting 8 ). The resulting mash was f ilte re d  through a single
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layer o f nylon bolting c lo th  and the homogenate obtained was s tirred  fo r 1 0  
minutes w ith  polyvinylpyrro lidone (Ig  per 5g orig ina l fresh weight).
(i) O ther Plant Tissues
Other tissues were chopped fine ly  and trea ted s im ila rly  to the avocado pear 
or the tu lip  bulb depending on the toughness o f the tissue concerned.
(j) Rat L ive r
Male, contro l W istar albino rats (200-250g) were k illed  by cerv ica l frac tu re . 
The abdominal cav ity  was opened and the live r was excised rapid ly and placed 
in ice-cold 0.9% w /v NaCl solution. L ivers were thoroughly perfused w ith  
sodium chloride and then scissor chopped before weighing and homogenising 
in 3 volumes o f 1.15% KC l using a Potter-E lvehjem  homogeniser equipped 
w ith  a te flon  pestle driven a t approxim ately 2 0 0 0 rpm under load.
A ll the homogenising procedures were carried out a t 0-4°C.
2.3.2 Isolation o f M icrosomal Fractions by High Speed C entrifugation
A ll tissue homogenates, w ith  the exception o f ra t live r, were filte re d  by 
squeezing through a single layer o f nylon bolting c lo th . Homogenates were then 
centrifuged a t 15,000g fo r 15 min in a Beckman J2-21 centrifuge (15 x 50ml fixed 
angle ro to r at 10,500rpm, or 6  x 250ml fixed angle ro to r at 10,000rpm). The 
floa ting  lip id  layer, i f  present, was gently pushed to one side and the supernatant 
decanted and centrifuged at 144,000g fo r 60 min in a Beckman L5-65 
u ltracen trifuge  ( 8  x 35ml 60T1 fixed angle ro to r, 45,000rpm). The pelle ts obtained 
were usually resuspended using a hand held Potter-E lvehjem  homogeniser on the 
basis o f 1ml o f ice-cold medium (lOOmM potassium phosphate bu ffe r, pH7.4, 
containing 20%. v /v  glycerol) per lOg orig ina l fresh weight fo r p lant tissues, and 
4m 1 o f medium per g live r tissue. When the presence o f phosphate would in te rfe re
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w ith  subsequent assays, the microsomal pellets were resuspended in lOOmM Tris - 
HCl bu ffe r, pH7.4 containing 20% v/v g lycero l. I f  necessary, resuspended 
microsomal pellets were washed by repeating the u ltracen trifuga tion  step and 
resuspending the repelleted m ate ria l in fresh suspension medium.
A ll operations were performed as fa r as possible at 0-4°C . M icrosomal 
suspensions were stored a t -80°C un til required.
2.3.3 Isolation o f M icrosomal Fractions by R e la tive ly Low Speed C entrifugation
(a) P recip ita tion  by Polyethylene G lycol
Tissue homogenates were prepared as described previously (Section 2.3.1), 
filte re d  through nylon bolting c lo th and centrifuged to obtain the 15,OOOg 
supernatant as described in Section 2.3.2. Stock 27% w /v  polyethylene g lycol 6000 
(PEG) solution was added slowly w ith  s tirr ing  to the supernatants to give 3-9% w /v 
fina l PEG concentration and s tirred  fo r 30 min a t 0°C.
Microsomal fractions were obtained by centrifugation  a t 22,OOOg fo r 30 min 
in a Beckman J2-21 centrifuge (14 x 50ml fixed angle ro to r, 12,5000rpm or 6  x 
250ml fixed angle ro to r, 12,000rpm). I f  necessary, pellets were washed and 
resuspended as described in Section 2.3.2.
(b) P recip ita tion  by Calcium Chloride
A s im ila r procedure to tha t w ith  PEG was employed using calcium  chloride as 
p rec ip itan t; 800mM CaC l2  was added to the 15,OOOg supernatant to give a fin a l 
concentration o f 8.0mM, then s tirred  fo r 30 m in. M icrosomal pelle ts were obtained 
and resuspended as above (2.3.3.a).
2.3.4 Spectrophotometric Assay Methods
Spectrophotometric determ inations were performed using e ithe r a Varian- 
Cary model 219 or a Varian model 2200 sp lit beam spectrophotom eter w ith  
'autobaseline' correction fa c il ity .  Both instruments were equipped w ith  a 
therm ostatted cuvette  housing.
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(a) Cytochrome P-450
P-450 was rou tine ly measured as the concentration o f the reduced carbon 
monoxide adduct (Omura and Sato, 1964b). M icrosomal suspension (l-2m g  protein 
m l"^) or sem i-purified P-450, in lOOmM potassium phosphate bu ffe r, pH7.4, 20% 
v/v glycero l was divided between 2 cuvettes and a baseline recorded between 400 
and 500nm. Reduction o f the fe rr ic  to ferrous form  of the haemoprotein was 
achieved by the addition o f a few grains o f sodium d ith ion ite  to both sample and 
reference cuvettes, and carbon monoxide was passed through the sample cuvette  
fo r 1 min (of the order o f 60 bubbles). The spectrum was scanned re p e titive ly  at 
m inute in tervals u n til no fu rthe r increase in absorbance was observed a t 450nm. 
P-450 concentration was calculated using the difference m olar absorption 
co e ffic ie n t (450 minus 490nm) o f 9.1 x 10^ l i t re  m ol” ^ cm ” ^.
(b) Cytochrome bq
Cytochrome b^ was determined from  the d ifference absorbance of the 
ferrous haemoprotein re la tive  to the fe rr ic  form  (Omura and Sato, 1964a). 
Microsomes (l-2m g  protein m l"^) were divided between the sample and reference 
cuvettes and a baseline recorded between 390 and 450nm. A few grains o f sodium 
d ith ion ite  or 25mM NADH (25pl) were added to the sample cuvette  and the 
spectrum re-scanned. The concentration o f cytochrome b^ was calcula ted from  
absorbance d ifference between 424nm and 409nm using a m olar absorption 
c oe ffic ie n t o f 18.5 x 10*  ^ litrem oP^ cm "^.
(c) NADPH-Cytochrom e P-450 (Cytochrome c) Reductase (EC 1.6.2.4) 
NADPH-cytochrome P-450 (cytochrome c) reductase was assayed
enzym ically by the reduction o f the non-physiological acceptor cytochrom e c.
The assay o f cytochrome c reduction was based on the methods used by 
W illiams and Kamin (1962) and Phillips and Langdon (1962). The reaction m ix tu re  
(in a 1.5ml cuvette) comprised m icrosomal suspension (of the order o f lOOpg
- 5 8 -
protein), 60pM cytochrome c and Im M  KCN in lOOmM Tris-H C i bu ffe r, pH7.6, to a 
volume o f 0.99ml. A fte r  pre-equilibrium  at 30°C the reaction was in itia ted  w ith  
lO pl 6 mM NADPH in lOOmM Tris-H C l bu ffe r, pH7.6 giving a fin a l reaction volume 
o f 1.0ml. The reduction o f cytochrome c was fo llowed w ith  tim e by the increase in 
absorbance at 550nm against a blank cuvette  (contents identica l to the test cuvette 
w ithou t the addition o f NADPH).
The concentration o f reduced cytochrome c form ed w ith  tim e was calculated 
using a m olar absorption co e ffic ie n t o f 2.1 x 10^ l i t re  m ol” ^ cm “ ^. One un it of 
a c tiv ity  was defined as Ipm o le  cytochrome c reduced per min a t 30°C.
(d) NADH-Cytochrom e c Reductase
NADH-cytochrom e c reductase was measured as described above (2.3.4c) fo r 
NADPH-cytochrome P-450 (cytochrome c) reductase except tha t NADH was used 
as the reductant.
(e) NADH-Cytochrome b^ (Potassium Ferricyanide) Reductase (EC 1.6.2.2)
NADH-cytochrom e b^ reductase was assayed according to its  a b ility  to 
reduce potassium ferricyanide. The assay was based on tha t o f Schellenberg and 
Hellerman (1958). Assays were performed in 1.5ml cuvettes and comprised 
microsomal suspension (of the order o f lOQpg protein), G.5mM potassium 
ferricyanide, Im M  potassium cyanide in IGGmM Tris-H C l bu ffe r, pH7.6, to give a 
volume of G.99ml. A fte r  pre-equilibrium  at 3G°C the reaction was in itia te d  w ith  
IGpl 3GmM NADH in IGGmM Tris-H C l bu ffe r pH7.6 to give a fin a l reaction volume 
o f 1ml. The reduction o f potassium ferricyan ide was followed at 42Gnm w ith  tim e 
against a blank cuvette  (contents identica l to the test cuvette  w ithou t the addition 
o f NADH). The concentration o f reduced potassium ferricyan ide form ed was 
calculated using m olar absorption co e ffic ie n t o f 1.G2 x IG^ l i t re  m ol"^ cm~^.One 
unit o f a c tiv ity  was defined as Ipm o le  potassium ferricyan ide reduced per min at 
3G°C.
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2.3.5 Glucose 6 -Phosphatase (EC 3.1.3.9)
Glucose 6 -phosphatase was used as an enzyme marker fo r the endoplasmic 
re ticu lum , and thus the m icrosomal frac tion , in ra t live r. The method used was 
based on tha t o f De Duve et W., (1955).
Incubations were carried out in new polystyrene tubes. M ixtures contained 
0.5ml o f homogenate or frac tio n  (100ml g” ^ o rig ina l tissue), and 0.4ml o f 0.3M, 3,3- 
d im ethylg lu tara te  bu ffe r, pH6.4, containing 12.5mM EDTA. A fte r  pre­
equilibration a t 37°C, the reaction was in itia ted  w ith  0.1ml o f 0.05M glucose-6 - 
phosphate and a fte r 31 mins, term inated w ith  ice-cold 6 % trich lo roa ce tic  acid 
(1.5ml). Tubes were centrifuged to p rec ip ita te  denatured prote in and 1ml o f 
supernatant was w ithdrawn in to fresh tubes. A combined tissue, reagent and 
substrate blank was set up as fo r the test but trich lo roace tic  acid was added a fte r 
1 m in. A separate substrate blank was run in para lle l w ith  the test to check 
glucose 6 -phosphate s ta b ility . The resulting supernatants (1ml) were assayed fo r 
inorganic phosphate by the addition o f 0.6% w /v ammonium molybdate in 5% v /v  
perchloric acid (3.0ml), and 0.2% w /v ascorbic acid (1ml). A fte r  m ixing, the tubes 
were le f t  a t room temperature fo r a t least 30 m in, then absorbance readings were 
taken at 700nm on a Cecil CE292 d ig ita l UV/visible spectrophotom eter.
Standards and blanks (0 -lp g  atom phosphorus m l” ^) in 3.6% trich lo roa ce tic  
acid were taken through the same procedure.
2.3.6 Solubilisation o f M icrosomal Proteins
A ll operations were conducted at 0-4°C. Thawed m icrosomal fractions were 
repelleted by centrifugation  144,000g x 60min) then resuspended in lOOmM 
potassium phosphate bu ffe r, pH7.4, containing 20% v /v  g lycero l, Im M  EDTA and 
Im M  d ith io th re ito l to give a fina l protein concentration o f lOmg m l” ^ (in th is t r ia l 
study bovine serum albumin, where appropriate, was added to achieve this 
concentration). Solutions o f various detergents; sodium cholate, sodium 
deoxycholate, CHAPS (3 -[ (3-cholam idopropyl)-dim ethylam m onio] -1-propane-
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sulphonate) and n -octy l glucoside (n-octyl-3-D-glucopyranoside) were made up in 
the same bu ffe r to give stock concentrations o f 10% w /v. Detergent, m icrosomal 
suspension, and bu ffe r were mixed to give a range of detergent concentration 
(0.01-3% w /v) and fina l prote in concentrations o f 5mg m l"^. M ixtures were s tirred  
gently fo r 60 min under a stream of nitrogen and then centrifuged at 144,000g x 60 
m in in a Beckman L5-65 centrifuge ( 8  x 35ml 60T1 ro to r, 45,000rpm).
Both pelleted m ate ria l and supernatant were recovered and each pe lle t 
resuspended to the same volume as its  supernatant in bu ffe r containing identica l 
detergent concentration.
2.3.7 P u rifica tion  o f Cytochrome P-450 from  the M icrosomal Fractions o f Avocado 
Pear (Persea americana) Mesocarp and Tulip (Tulipa) Bulb 
A ll operations were carried out a t 0 -4°C.
(a) Preparation o f Microsomes
Microsomal fractions were prepared from  avocado mesocarp (Hass varie ty) 
and tu lip  bulbs (the Darwin hybrid. Golden Apeldoorn) as described ea rlie r (Sections 
2.3.1, and 2.3.3) w ith  s ta rting  tissue weights o f 2-3kg. M icrosomal suspensions 
were stored at -80°C in 25ml aliquots. A fte r  thawing, microsomes were pooled, 
washed and resuspended in lOOmM potassium phosphate bu ffe r, pH7.4, containing 
20% v/v g lycero l, Im M  d ith io th re ito l and Im M  EDTA, (hereon re fe rred  to as bu ffe r 
A), to give a protein concentration 3-8mg ml~^.
(b) Solubilisation o f M icrosomal Proteins
Washed microsomes were solubilised in the presence o f sodium cholate. 
Stock 10% w /v sodium cholate in bu ffe r A, was added slowly to give a fin a l 
detergentzprotein ra tio  o f 2:1. Solubilisation was carried out by gentle s tirr in g  
under nitrogen fo r 60 m in. Insoluble m ate ria l was removed by cen trifuga tion  a t 
144,000g fo r 60 min in a Beckman L5-65 u ltracen trifuge  ( 8  x 35ml 60T1 fixed  angle
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ro to r, 45,000rpm). Solubilised fractions obtained from  the avocado pear were 
passed through 'SEP-PAK cartridges' to remove lip id  m ate ria l. This step was 
unnecessary in the case o f the tu lip  bulb preparation. Solubilised proteins were 
diluted to give a fina l sodium cholate concentration o f 0.5% and then dialysed 
overnight against two changes o f 25 volumes of 20mM T ris -H C l bu ffe r, pH7.4, 
containing 20% v/v  g lycero l, Im M  d ith io th re ito l, Im M  EDTA, and 0.05% w /v 
sodium cholate fo r the avocado preparation and 0 . 2 % w /v sodium cholate fo r the 
tu lip  preparation (hereon re ferred to as bu ffe r B).
(c) DEAE-Sephacel Anionic Exchange Chromatography; Column 1
The dialysed sample was loaded onto a DEAE-Sephacel column (2.6 x 30cm) 
pre-equilibrated w ith  bu ffe r B. A fte r  loading, the column was washed w ith  2-4 
column volumes o f bu ffe r B. E lution o f proteins was started by the application o f a 
potassium chloride gradient (50-150mM) in bu ffe r B (1000ml and 600ml to ta l fo r 
the avocado pear and tu lip  bulb respectively). Protein and P-450 content o f eluent 
fractions were monitored spectrophotom etrically at 280 and 417nm respective ly.
Elution o f avocado P-450 was achieved by the application o f 20mM Tris-H C l 
bu ffe r, pH7.4 containing 20% v/v  g lycero l, Im M  d ith io th re ito l, Im M  EDTA, 0.2% 
v/v Emulgen 911 (hereon re ferred to as bu ffe r C) supplemented w ith  lOOmM K C l. 
Fractions containing P-450 were pooled (subject to SDS PAGE analysis fo r pu rity ) 
and dialysed against bu ffe r C.
Tulip bulb P-450 elution had started by the end o f the K C l gradient, fu rth e r 
elution was achieved by application o f 500mM KC l in bu ffe r B. Fractions 
containing P-450 were again pooled (subject to SDS PAGE analysis fo r pu rity ) and 
dialysed against 20mM Tris-H C l bu ffe r, pH7.4 containing 20% v/v g lycero l, Im M  
d ith io th re ito l, Im M  EDTA and 0.01% sodium cholate (hereon re fe rred  to as bu ffe r 
D).
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Column II; Avocado Pear
The dialysed sample was loaded onto a second DEAE-Sephacel column (2.6 x 
30cm) pre-equilibrated w ith  bu ffe r C. A fte r  loading, the column was washed w ith  
4 volumes of bu ffe r C and proteins were eluted by means o f a potassium chloride 
gradient (50-250mM) in bu ffe r C over 1000ml to ta l. P450 elution was again 
monitored a t 417nm but m onitoring o f protein a t 280nm was impossible due to the 
in terference by Emulgen 911.
Column II; Tulip Bulb
The dialysed sample was loaded onto a second DEAE-Sephacel column pre- 
equilibrated w ith  bu ffe r D. A fte r  loading the column was washed w ith  4 volumes 
o f bu ffe r D and proteins were eluted by means o f a KC l' gradient (50-500mM) and a 
sodium cholate gradient (0.01-0.05% w /v) over 500ml to ta l in 20mM Tris-H C l 
bu ffe r, pH7.4 containing 20% v/v g lycero l, Im M  d ith io th re ito l and Im M  EDTA. 
Further elution was by means o f a potassium chloride gradient (50-200mM) in 
bu ffe r C over 500ml to ta l and then 500mM potassium chloride in bu ffe r C. P-450 
elution was again m onitored a t 417nm.
(d) Hydroxylapatite Adsorption Chromatography
In the case o f the tu lip  bulb preparation, the sample obtained from  column II 
was dialysed against bu ffe r C and loaded onto a hydroxylapatite column (2.6 x 
13.5cm) pre-equilibrated w ith  the dialysis bu ffe r. The column was then washed 
w ith  20mM Tris-H C l bu ffe r, pH7.4 containing 20% v /v  g lycero l, Im M  d ith io th re ito l 
and Im M  EDTA (hereon re ferred to as bu ffe r E) u n til the absorbance a t 280nm o f 
the eluate had reached a steady m inimum signalling the removal o f the Emulgen 
911. Cytochrome P-450 was then eluted from  the column w ith  320mM potassium 
phosphate bu ffe r, pH7.4 containing 20% v /v  g lycero l, Im M  d ith io th re ito l and Im M  
EDTA.
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(e) Storage o f Purified Microsomal Fractions
A fte r  dialysis against bu ffe r E, the sem i-purified preparations were 
concentrated under nitrogen using D ia flo  U ltra f iltra t io n  (Amicon, PM30 membrane, 
m olecular weight c u t-o ff point 30,000) and stored in 1ml aliquots previously gassed 
w ith  nitrogen at -80°C.
2.3.8 Discontinuous Sodium Dodecyl Sulphate Polyacrylam ide Slab Gel 
Electrophoresis (SDS PAGE)
The method o f Laem m li (1970) was used to assess the pu rity  and m olecular 
weight o f pa rtia lly  purified  p lant m icrosomal proteins. The proteins were f irs t  
rendered monomeric by solubilising them w ith  sodium dodecyl sulphate (SDS) in the 
presence o f 2 -mercaptoethanol and then separated according to size using a 
discontinuous bu ffe r system.
Reagents
Gel monomer stock: 30% w /v acrylam ide containing 0.8% w /v  N ,N-
methylenebisacrylam ide
Separating gel bu ffe r: 1.5M Tris-H C l pH 6 . 8  containing 0.4% w /v  SDS
Stacking gel bu ffe r: 0.5M Tris-H C l pH 6 . 8  containing 0.4% w /v SDS
Electrode bu ffe r: 25mM Tris-H C l pH8.3 containing 192mM glycine and 0.1% w /v
SDS.
Solubilisation bu ffe r: 62.5mM Tris-H C l pH 6 . 8  containing 2.3% w /v  SDS, 15% v /v  
g lycero l, 5% v /v  2-Mercaptoethanol, and 0.001% w /v bromophenol blue.
Other reagents were:
Ammonium persulphate 10% w /v
N ,N-Tetram ethylethylenediam ine (TEMED)
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Electrophoresis was carried out at room temperature in a ve rtica l slab gel 
apparatus. The gel was contained in a glass and perspex cassette w ith  in te rna l 
dimensions 120mm x 100mm x 1.5mm. Clean glass plates,used to assemble the 
cassette edges, were sealed w ith  1.5% w /v m olten agar and clamped in a ve rtica l 
position. The lower (separating) gel was prepared by m ixing separating gel bu ffe r 
(10ml) w ith  gel stock (13.3ml) and H^O (16.6ml). The polym erisation process was 
in itia ted  by the addition o f TEMED (20pl) and freshly prepared ammonium 
persulphate solution (2 4 0 [j1 ). The solution was poured into the cassette to a height 
o f 80mm. Introduction o f a layer o f d is tilled  water above the gel m ix ensured a 
f la t  in te rface  between separating and stacking gels a fte r polym erisation. A fte r  
polym erisation, the w ater layer was removed and the upper (stacking) gel 
consisting o f a m ixture  o f stacking gel bu ffe r (3.75ml), gel stock (1.5ml), w ater 
(9.75ml), TEMED (20pl) and ammonium persulphate solution (90pl) was poured on 
top o f the separating gel. Before polym erisation, a perspex comb was introduced 
in to the stacking gel to form  sample wells. A fte r  polym erisation, the comb was 
removed, and a l i t t le  electrode bu ffe r introduced. The lower perspex spacer was 
removed from  the cassette which was then placed in the electrophoresis tank. 
E lectrode bu ffe r was added to the upper and lower reservoirs and a ir bubbles were 
removed.
Microsomal suspensions were d iluted in solubilisation bu ffe r and placed in a 
boiling w ater bath fo r 3 m in. A fte r  cooling, 5-60pl (10-20pg prote in) aliquots were 
added to the sample wells. Samples were run through the stacking gel under a 
20mA constant current un til the bromophenol blue ind ica tor entered the running 
gel. A t th is point, the current was increased to 40mA. Current was sw itched o ff  
when the ind ica tor was w ith in  5mm o f the bottom  o f the gel. The cassette was 
removed from  the tank, the glass plates were separated, the stacking gel removed. 
The gel was stained w ith  Coomassie blue prote in stain (propan-2-o l/acetic  
ac id /w ater, 5:2:13, v /v  containing 0.05% w /v Coomassie blue R.250) overnight. 
The gel background was cleared w ith  destaining solution (p ropan-2 -o l/ace tic  
acid /w ater, 1:1:8 v/v). Gels were stored at 4°C in 4% v /v  g lycero l.
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The fo llow ing proteins were used to ca lib ra te  polyacrylam ide gels: 
phosphorylase A (M^ = 92,500) 
conalbumin (M^ = 78,000) 
bovine serum albumin (M^ = 6 8 ,0 0 0 ) 
catalase (beef live r) (M^ = 60,000) 
glutam ate dehydrogenase (beef live r) (M .^ = 53,000) 
chicken egg albumin (M^ = 4 3 ,0 0 0 ) 
creatine phosphokinase (M^ = 40,000) 
lacta te  dehydrogenase (M^ = 36,000) 
carbonic anhydrase (Mj. = 29,500) 
myoglobin (M^ = 17,200) 
cytochrome c (M^ = 12,300)
2.3.9 Measurement o f Protein Concentration
Protein concentration was estimated by the method based on th a t o f Lowry 
et W., (1951). Protein samples were diluted 1:1 w ith  l.OM NaOH, and le f t  u n til 
clear. Further d ilu tion was carried out w ith  0.5M NaOH to give a prote in 
concentration range in the order o f 40-80pg ml~^. To 0.5ml aliquots o f d iluted 
sample was added 5ml o f freshly prepared solution A (2% w /v sodium carbonate, 
1 % w /v copper sulphate and 2 % sodium potassium ta rtra te  1 0 0 : 1 : 1  v /v ) and mixed 
w e ll. A fte r  10 minutes, 0.5ml o f Folin-C iocalteu phenol reagent (d ilu ted to m olar 
ac id ity  w ith  d is tilled  water) was added and im m ediate ly vortex m ixed. A fte r  
allow ing to stand fo r at least 30 m in, the developed blue colour was measured at 
720nm in a C ecil CE292 d ig ita l UV/visible spectrophotom eter. A ll determ inations 
were performed in duplicate, blanks and standards (O-lOOpg bovine serum albumin 
in 0.5M NaOH) were run through the same procedure.
Most o f the purified preparations assayed by this procedure contained 
concentrations o f g lycero l and detergents such as Emulgen 911, compounds known 
to in te rfe re  w ith  the colour form ation in th is assay. On these occasions, the
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presence o f these compounds was compensated fo r by appropriate additions to the 
standards.
2.3.10 Benzphetamine N-Demethylase
Details o f th is assay are given in 4.3.6.
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2.4 Results
2.4.1 Carbon Monoxide D ifference Spectra
CO d ifference spectra o f m icrosomal suspensions reduced w ith  sodium 
d ith ion ite  were recorded fo r a varie ty o f plant tissues and ra t liv e r. Spectra 
obtained from  the avocado (Persea americana, Hass and Fuerte varieties) 
mesocarp; tu lip  (Tulipa, many varieties) bulb; and Arum maculatum preparations 
(examples given in Figures 2.1-2.3) showed the d is tinc tive  absorption maxima close 
to 450nm characteris tic  o f the CO adduct o f P-450. These are compared to those 
given by the hepatic m icrosomal fractions obtained from  untreated, phénobarbital 
and 3-methylcholanthrene treated ra t (Figures 2.4-2.6 ). Closer inspection revealed 
tha t the m ajor absorption peaks given by the plant m icrosomal preparations were 
between 447-449nm resembling the 448nm peak given by the 3-methylcholanthrene 
trea ted rats, ra ther than a 450nm peak as given by the hepatic microsomes from  
untreated and phenobarbita l-treated rats. In some avocado and tu lip  bulb 
microsomal preparations, a secondary peak or shoulder was observed between 420- 
430nm sim ila r to the 422nm peak seen in the spectrum fo r Arum maculatum 
(Figure 2.3). M icrosomal preparations from  hyacinth (Hyacinthus o rien ta lis ) bulb, 
castor bean (Ricinus communis) endosperm, and potato (Solanum tuberosum) shoot, 
also gave peaks around 45Gnm in the d ith ion ite  reduced CO d ifference spectrum 
(Figures 2.7-2.9). These absorbance maxima were not, however, w e ll resolved from  
the absorbance region between 42G-43Gnm, and in some cases the shorter 
wavelength values gave the predominant peak. M icrosomal preparations from  
da ffod il (Narcissus) bulb, l i ly  (L ilium ) bulb, bluebell (Endymion) bulb, onion (A llium  
cep a) bulb, garlic  (A llium  sativum) clove, o live (Olea europeaea) f ru it ,  mung bean 
(Phaseolus aureus) seedling, and horseradish (Am oracia rusticana) roo t, a ll showed 
absorbance maxima between 42G-430nm w ith  no evidence o f a peak a t 45Gnm as 
exem plified by Figure 2.1G.
Long-term  storage o f avocado microsomes (3 months or more) led to 
gradual increases in the 42Gnm peak w ith  concom itant decrease, in the 45Gnm
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peak, as did short-term  storage at room tem perature. In the case o f the tu lip  bulb 
the secondary peak (420-430nm) showed re la tive  la b ility  in tha t freezing overnight 
a t -80°C and thawing produced a marked decrease in absorbance at this 
wavelength.
2.4.2 Occurrence o f Plant M icrosomal Cytochrome P-450
Of the fourteen plant tissues investigated, six tissues were found to 
contain appreciable concentrations o f P-450 measured from  th e ir CO d ifference 
spectra (Table 2.1). The range found was G.G5-1.34nmol g"^ tissue, ie, an order o f 
magnitude or less than tha t o f ra t live r. M icrosomal prote in ranged from  G.6 6 - 
3.32mg g” ^ tissue (up to one order o f magnitude lower than ra t live r). Thus, the 
specific P-45G content came to G.G9-G.4nmol mg” microsomal prote in.
Arum maculatum gave the highest P-45G yield (nmol g” ^ tissue) and this 
was one order o f magnitude lower than tha t from  ra t live r. The yields from  
avocado mesocarp and four cu ltivars o f tu lip  bulb (Table 2.3) were two orders o f 
magnitude lower than ra t liv e r where as the y ie ld from  hyacinth bulb was one order 
o f magnitude lower again. Three plant tissues gave specific P-45G contents (nmol 
mg~^ protein) comparable w ith  tha t o f ra t live r. These were Arum m acula tum , 
avocado mesocarp, and tu lip  bulb (certa in cu ltiva rs . Table 2.3).
Two varieties o f avocado pear (Hass and Fuerte) were compared fo r th e ir 
m icrosomal protein and P-45G contents (Table 2.2). No s ign ifican t d iffe rence was 
observed in the m icrosomal protein contents but Hass gave s ign ifican tly  higher 
contents o f P-45G both in terms of mg m icrosomal proteins and on the basis o f 
tissue weight.
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Thirteen cu ltivars or species o f tu lip  bulb were assayed fo r m icrosomal 
prote in and P-450 content (Table 2.3). The small sample numbers are not 
com patible w ith  fo rm al s ta tis tica l analysis, however considerable varia tion 
between cu ltivars was observed. M icrosomal protein content ranged from  0.56- 
1.21mg g"^ tissue (mean 0.76 - 0.05, n = 39), P-450 content ranged from  0.02- 
0.21nmol g"^ tissue (mean 0.09 - 0.01, n = 39) and 0.03-0.25nmol mg~^ microsomal 
prote in (mean 0.12 - 0.01, n = 39).
2.4.3 Isolation o f M icrosomal Cytochrome P-450 by R e la tive ly  Low Speed
C entrifugation
Microsomal fractions were prepared from  avocado mesocarp, tu lip  bulb 
and ra t live r 15,000g post-m itochondria l supernatants. This involved e ither 
conventional high speed centrifugation  (144,000g x 60 min) or re la tive ly  low speed 
centrifugation (22,000g x 30 min) fo llow ing trea tm ent w ith  PEG or calcium  
chloride.
Table 2.4 provides a comparison fo r ra t liv e r o f the recovery o f to ta l 
m icrosomal prote in , P-450, benzphetamine N-demethylase (a P-450-dependent 
enzyme) and the microsomal marker enzyme, glucose 6-phosphatase. In it ia l 
studies, using a range o f PEG concentrations (3-9% w /v fin a l concentration), 
indicated tha t 3% w /v PEG was the optimum concentration to obtain cytochrome 
P-450 w ith  minimum P-420 content. Fractions obtained using 6% w /v  PEG, 
although showing an increased P-450 yie ld, also showed considerable P-420 content. 
On increasing PEG concentration to 9% w /v, not only did the P-420 content show a 
fu rthe r increase, but P-450 content was found to be less than tha t obtained using 
3% w /v PEG. The microsomal fractions obtained by low speed cen trifuga tion  
fo llow ing trea tm ent w ith  3% w /v PEG did not d iffe r  s ign ifican tly  in term s o f to ta l 
protein content, P-450 and glucose 6-phosphatase a c tiv ity  from  the m icrosom al 
fractions obtained by high speed cen trifugation . The benzphetamine N- 
demethylase a c tiv ity  was higher in the PEG frac tion  but not considerably so (Table
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2.4). The fractions obtained using calcium chloride as p rec ip itan t showed 
s ign ifican tly  lower to ta l protein content and P-450 yield per g live r. However, 
specific P-450 content was not s ign ifican tly  d iffe re n t from  tha t obtained by the 
other two methods. Recovery o f glucose 6-phosphatase from  the post- 
m itochondria l supernatant did not d iffe r  s ta tis tica lly  between the three methods o f 
preparation o f live r microsomes. The high recovery observed (127%) in the PEG 
treated frac tion  may re fle c t some pro tective  e ffe c t afforded by this polymer.
Tables 2.5A and B summarise recovery o f to ta l prote in and P-450 from  
avocado mesocarp and tu lip  bulb respective ly, by the three methods o f m icrosomal 
preparation. Using a PEG concentration o f 6% w /v , the P-450 yie ld per g o f 
avocado mesocarp was not s ign ifican tly  d iffe re n t from  th a t obtained by 
conventional high speed centrifugation . The to ta l prote in content was higher and 
thus specific P-450 content was lower, though not s ign ifican tly  so, from  tha t 
obtained by the conventional method. Increasing PEG concentration to 9% w /v, 
although s ligh tly  improving P-450 yie ld, nearly halved the specific content in term s 
of mg m icrosomal prote in. Tulip bulb m icrosomal fractions prepared w ith  6% w /v 
PEG showed no s ign ifican t d ifference in to ta l prote in content when compared w ith  
fractions prepared by high speed cen trifugation , however, P-450 yield and specific  
content were decreased (of the order o f 25%, a s ign ifican t reduction).
Avocado mesocarp microsomal preparation using calcium  chloride 
prec ip ita tion  gave substantia lly higher to ta l m icrosomal prote in content than by 
high speed centrifugation  but only 27% the yie ld o f P-450, thus specific  P-450 
content was only 20% o f the high speed centrifugation  value. Tulip bulb 
m icrosomal preparation by the same method gave lower to ta l m icrosomal pro te in  
content but the recovery o f P-450 using this method was zero.
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2.4.4. M icrosomal E lectron Transfer Components
Cytochrome b^, NADPH-cytochrome c (P-450) reductase, NADH - 
cytochrome c reductase and NADH-cytochrom e b^ (ferricyanide) reductase 
ac tiv ities  were determined in the microsomal fractions o f avocado mesocarp (Hass 
varie ty) and tu lip  bulb (Red Riding Hood cu ltive r). Table 2.6 summarises the mean 
content o f these haemoproteins and the a c tiv itie s  o f the pertinent reductase 
enzymes. A comparison is made w ith  Mar ah macrocarpus endosperm (Hasson and 
West, 1976) and w ith  hepatic microsomes from  untreated rats (Taylor e t al., 1985). 
Although NADPH-cytochrome c (P-450) reductase a c tiv ity  was not detected in 
m icrosomal preparations from  tu lip  bulb, low levels o f a c tiv ity  could be detected in 
detergent solubilised fractions (in the order o f 0.01 units).
2.4.5 Solubilisation o f M icrosomal Cytochrome P-450 from  Avocado Pear
Mesocarp by Various Detergents
The localisation and to ta l recovery o f m icrosomal P-450 a fte r trea tm en t 
w ith  detergents are represented graphically (Figures 2.11-2.14). The trea tm en t o f 
avocado pear microsomal suspension (fina l concentration 5mg m l” ^) w ith  a range of 
detergent concentrations led to the release o f  P-450 in to the supernatant. 
Increasing the concentrations o f detergent produced an increased release o f P-450 
but a t higher detergent concentrations there was a risk o f P-450 dénaturation. 
Over the entire  sodium cholate concentration range (Figure 2.11), to ta l recovery of 
P-450 (solubilised and non-solubilised) exceeded 100% o f the in it ia l m icrosom al P- 
450 content. A t a cholate concentration o f 1% w /v , 99% o f m icrosomal a c t iv ity  
was released in to the supernatant. The p ro file  given by deoxycholate (Figure 2.12) 
was s im ila r; 96% o f the P-450 was solubilised by a 1% w /v detergent concentration. 
However a t a concentration greater than 1% w /v, the recovery o f P-450 found in 
the supernatant declined, and the presence o f the denatured cytochrom e P-420 
form  was observed.
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Figure 2.11 Solubilisation o f avocado mesocarp m icrosom al P-450 by
sodium cholate.
- 1 >Microsomal suspensions (5mg prote in m l ) were trea ted  w ith  
0.01-3.0% w /v sodium cholate fo r 60 m in under N 2 * A fte r  
cen trifuga tion  (144,000g x 60 min) pelle ts and supernatants 
were assayed fo r P-450. Points are representative P-450
recoveries from -A  A - supernatants, — pel l et s and
—e-------B— to ta l recovery as a percentage o f P-450 present in
the orig ina l s ta rting  m a te ria l.
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Figure 2.12 Solubilisation o f avocado mesocarp m icrosom al P-450 by 
sodium deoxycholate.
M icrosomal suspensions (5mg prote in  m l were trea ted w ith  
0.03-1.0% w /v sodium deoxycholate fo r 60 m in under N 2 * A f te r  
cen trifuga tion  (144,000g x 60 m in), pelle ts and supernatants 
were assayed fo r P-450. Points are representative P-450
r e c o v e r i e s  f r o m  - a  a -  s u p e r n a t a n t s ,  -------- ©— p e l l e t s ,  a n d
- a  B— t o t a l  r e c o v e r y  as a  p e r c e n t a g e  o f  P-450 p r e s e n t  in  t h e
orig ina l s ta rting  m ate ria l.
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Figure 2.13 Solubilisation o f avocado mesocarp m icrosom al P-450 by 
CHAPS.
Microsomal suspensions (5.Gmg prote in  ml were trea ted w ith  
0.01-3.0% w /v CHAPS fo r 60 m in under N^. A fte r
cen trifuga tion  (144,000g x 60 min) pelle ts and supernatants 
were assayed for P-450. Points are representative P-450
recoveries from - a -  a -  supernatants, *n© o *  pelle ts and
-e  B -  to ta l recovery as a percentage o f P-450 present in
the orig ina l sta rting  m a te ria l.
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Figure 2.14 Solubilisation o f avocado mesocarp m icrosom al P-450 by 
octylg lucoside.
M icrosomal suspensions were trea ted  w ith  0.01-3.0%  w /v  
octylglucoside under N^. A fte r  cen trifuga tion  (144,000g x 
60 m in) pellets and supernatants were assayed fo r P-450.
Points are representative P-450 recoveries from  — a  A —
supernatants, -O. © -p e lle ts  and -a  b -  to ta l recovery as
a percentage o f P-450 present in the orig ina l s ta rting  m a te ria l.
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The p ro file  given by CHAPS (Figure 2.13) showed tha t, like
deoxycholate, th is detergent had a denaturing e ffe c t at higher concentrations. A 
gradual decrease in overall P-450 recovery was seen at concentrations greater than 
0.03% w /v . A t 3% w /v , a ll P-450 found was located in the supernatant, but i t  
accounted fo r only 81% o f the orig ina l a c tiv ity . O ctyl glucoside, a t concentrations 
up to 0.5% w /v was unable to e ffe c t the release o f P-450 into the supernatant. A t 
1% w /v, 80% o f the P-450 was found in the supernatant but a t 3% w /v, th is dropped 
to 57% w ith  a rise in cytochrome P-420 (Figure 2.14).
The optim al sodium cholate to protein ra tio  required fo r solubilisation o f 
m icrosomal P-450 from  the avocado mesocarp was investigated by trea ting  
m icrosomal suspensions over a narrower range o f detergent concentrations. 
Profiles o f percentage solubilisation against the cholate;prote in ra tio  were
obtained using three prote in d ilutions o f the same m icrosomal suspension (Figure 
2.15). The p ro file  fo r each protein concentration shows a d iffe re n t optim al 
cholaterprotein ra tio , the higher the prote in concentration the lower the
cholate:protein ra tio  required to e ffe c t m axim al solubilisation. As prote in
concentration is decreased the p ro file  peaks broaden; thus, at lower prote in 
concentrations, the cholaterprotein ra tio  required to achieve 70% solubilisation is 
less c r it ic a l than a t higher prote in concentrations. For the range o f prote in 
concentrations employed here, a cholaterprotein ra tio  o f 2 r l  would have achieved 
around 75-80% solubilisation in each case. The solubilisation o f cytochrome b^ 
from  the same study showed no peak detergentrprote in ratios, the pro files  were 
hyperbolic and plateaux were achieved w ith  a ra tio  o f detergentrprote in ra tio  
greater than three.
2 .4 . 6  P urifica tion  o f M icrosomal Cytochrome P-450 from  Avocado Mesocarp
(Hass Variety)
Figure 2.16 shows the elution p ro file  o f solubilised m icrosomal pro te in  
and P-450 from  a DEAE-sephacel ion exchange column. Eluted to ta l prote in and
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Figure 2.15 D eterm ination o f optim al sodium cholate: prote in ra tio  required 
fo r the solubilisation o f avocado mesocarp m icrosom al P -450.
M icrosomal suspensions, —A—-—A— 8.7mg pro te in  m i~^,
—#-------• — ^ 6.5mg protein m i" , and —s- b — 4.4mg
prote in  m l were treated w ith  0.5-3.0%  w /v sodium cholate
under N2: A fte r  cen trifuga tion  (144,000g x 60 min) supernatants were assayed fo r P-450. Points are representative 
P-450 recovery as a percentage o f P-450 present in the orig ina l 
s ta rting  m ate ria l.
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Figure 2.16 E lution p ro file  o f solubilised avocado mesocarp m icrosomal 
prote in from  DEAE-Sephacel (Column l)
E lution o f to ta l prote in and P-450 were m onitored a t 280 and 
417 nm respective ly. Fjraction volume was 7.0 m l and column 
flow  ra te  was 28 m l hr
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P-450 were monitored at 280nm and 417nm respective ly. A small 280nm peak was 
noted during the washing o f the column but th is contained l i t t le  or no P-450. 
Application o f a KC l gradient fa c ilita te d  the elution o f some microsomal protein 
indicated by the progressive increase in absorbance at 280nm. A sharp peak in 
absorbance at 280nm was observed, coinciding w ith  a KC l gradient concentration 
o f around 155mM, however no P-450 was eluted a t th is po int. A sm all 417nm peak 
re turn ing to basal level was noted at a KC l gradient concentration o f around 
26GmM, however any P-450 present in these fractions was below detection lim its . 
The s h ift to an elution bu ffe r containing lOOmM KC l and 0.2% w /v Emulgen 911 
nu llified  280nm m onitoring through the high U.V absorbance o f th is detergent. This 
detergent-sa lt step led to a 417nm peak a t A . Stepping up the K C l concentration 
to 500mIV] while m aintaining the Emulgen 911 concentration gave rise to 417nm 
peak B. Investigation o f these two peaks both spectra lly and by SDS-PAGE showed 
A to be richest in P-450 and to contain less contam inating proteins as shown by 
fewer bands on the stained gel. Fractions coinciding w ith  peak A were therefore 
pooled and a fte r dialysis, applied to a second DEAE-sephacel ion exchange column. 
Figure 2.17 shows the 417nm absorbance pattern  achieved by eluting w ith  a KC l 
gradient (50-150mM) in the presence o f 0.2% Emulgen 911. A sharp peak (C) was 
achieved at 70mM KC l. Increasing K C l concentration to 500mM did not bring 
about fu rthe r P-450 elution. Fractions constitu ting  peak C were investigated fo r 
th e ir purity  by SDS-PAGE and pooled accordingly.
Figure 2.18 shows the photograph o f the SDS-PAGE o f samples from  
each stage o f the pu rifica tion  procedure. A t the fin a l stage, a m ajor band can be 
seen o f m olecular mass 51-53kDa. This frac tion  also produced a c lear 450nm peak 
in the CG -d ith ion ite  reduced difference spectrum w ith  no detectable P-420 (Figure 
2.19).
Table 2.7 gives a summary o f the progression o f the p u rifica tio n  o f P-450 
from  avocado mesocarp a t each major stage, the fin a l preparation having a specific  
P-450 content o f 1.22nmol mg ^prote in. This gave a pu rifica tion  fa c to r o f x2.7.
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Figure 2.17 E lution p ro file  o f avocado mesocarp P-450 from  
DEAE-Sephacel (Column ÏÜ
Elution o f P-450 was m onitored at 417 nm. F raction volume 
was 6.4 m l and column flow  ra te  was 25.6 m l hr
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Figure 2.18 Sodium dodecyl sulphate polyacrylam ide gel electrophoresis of 
prote in samples from  stages o f the pu rifica tion  o f avocado 
mesocarp m icrosomal P-450.
Tracks 1-5 are molecular mass marker proteins (M indicated 
in kDa), avocado mesocarp m icrosomal proteins, sodium cholate 
solubilised m icrosomal proteins, the 100 mM K C l pool from  
column I and the 70 mM KC l pool from  column II respective ly.
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Figure 2.19 CQ d ifference spectrum o f d ith ion ite  reduced p a rtia lly  pu rified  
avocado P-450
Protein concentration was QD9 mg m l -1
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2.4.7 P u rifica tion  o f M icrosomal Cytochrome P-450 from  Tulip Bulb
(Golden Apeldoorn, Darwin Hybrid)
Solubilised m icrosomal proteins were applied to a DEAE-sephacel ion 
exchange column, small amounts o f P-450 were eluted during the loading and 
washing o f the column but the m ajority  o f prote in was eluted w ith  the aid o f a KC l 
gradient (50-5GGmM) in bu ffe r containing G.2% sodium cholate. The elution o f 
to ta l prote in and P-45G were monitored at 28Gnm and 417nm respective ly. 
Throughout the duration o f the K C l gradient, a gradual increase in absorbance at 
both 28Gnm and 417nm was observed. The elution o f prote in appeared very diffuse 
and fractions showing absorbances a t 417nm were placed in to three consecutive 
pools. Analysis by SDS-PAGE revealed tha t there had been l i t t le  resolution. A fte r  
dialysis the pool richest in P-45G was applied to a second DEAE-sephacel column, 
the elution p ro file  o f which is given in Figure 2.2G. No P-45G was eluted during the 
loading and washing o f the column. Application o f a dual gradient system (5G- 
5GGmM KC l, G.G1-G.G5% w /v sodium cholate) fa c ilita te d  the elution o f prote in 
indicated by the steady increase in 28Gnm absorbance. A t 375mM K C l (and around 
G.G4% w /v sodium cholate) a sharp 28Gnm peak coinciding w ith  a major 417nm peak 
was observed. A second K C l gradient (5G-2GGmM) in the presence o f G.2% Emulgen 
911 brought about the elution o f a second major 417nm peak at 7GmM KC l. 
Increasing K C l concentration to 5GGmM did not bring about any fu rthe r e lution o f 
417nm absorbing m ate ria l. Fractions coinciding w ith  the m ajor 417 peaks were 
pooled separately and analysis by SDS-PAGE led to the selection o f the 7GmM pool 
fo r dialysis and application to a hydroxylapatite column fo r the removal o f 
Emulgen 911. A fte r  removal o f detergent, m ate ria l absorbing at 417 nm was 
eluted fin a lly  w ith  32GmM potassium phosphate bu ffe r.
Figure 2.22 shows the SDS-PAGE o f samples from  each stage o f the 
pu rifica tion  procedure. A fte r  the hydroxylapatite , two closely associated bands 
can be seen w ith  molecular mass o f the order 48-5GkDa. This frac tion  also gave a 
45Gnm peak in the CO d ith ion ite  reduced d ifference spectrum w ith  no P-42G
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Figure 2.20 E lution p ro file  o f solubilised tu lip  bulb m icrosomal pro te in  from  
DEAE-Sephacel (Column ÏÜ
Elution o f to ta l prote in and P-450 were m onitored a t 280 and 
417 nm respective ly, fra c t io n  volume was 5.0 m l and column 
flow  ra te  was 25 m l hr
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Figure 2.21 CO d iffe rence spectrum o f d ith ion ite  reduced p a rtia lly  purified  
tu lip  bulb P-450
Protein concentration was 0.22 mg m l -1
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contam ination (Figure 2.21). Table 2.8 summarises the progression o f the 
pu rifica tion  o f P-450 from  tu lip  bulb. The fina l pa rtia lly  pure preparation had a 
specific P-450 content o f 1.23nmol mg"^ prote in, had been purified  by a fac to r o f 
5.1 and had a yie ld o f 2.7% from  in it ia l s ta rting  m ate ria l.
Preparations o f sem i-purified P-450 from  tu lip  bulb and avocado 
mesocarp were subjected to SDS-PAGE along w ith  the m ajor 3MC-inducible 
cytochrome P-448 and the major c lo fib ra te -inducib le  cytochrome P-452 purified 
from  ra t hepatic microsomes (Figure 2.23). Under the conditions o f
electrophoresis, the cytochrome P-448 showed a m olecular mass o f around 54- 
56kDa, and P-452 had a m olecular mass in the region o f 51-52kDa. The avocado P- 
450 was s ligh tly  greater than the P-452, the tu lip  bulb P-450 was d is tinc tly  less in 
m olecular mass than the other preparations.
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2.5 Discussion
Spectral Evidence fo r P-450 in some Higher Plant Tissues
Spectral evidence has been given showing the presence o f cytochrome 
P-450 in microsomal fractions o f avocado mesocarp, tu lip  bulb. Arum maculatum 
spadix, hyacinth bulb, castor bean endosperm and potato shoot. This, along w ith  
the findings o f other workers using a wide varie ty  o f p lant tissues (Table 1.1) 
unequivocally demonstrates the existence o f th is cytochrome in higher plants.
The plant tissue m icrosomal preparations studied gave CO d ifference 
spectra peaks a t 447-449nm and thus spectra lly resemble the P-448 obtained from  
hepatic microsomes o f 3-methylcholanthrene trea ted rats (Alvares et ^ . ,  1967) and 
from  yeast (Wiseman and Woods, 1979). These la tte r  two haemoproteins exh ib it 
spec ific ity  towards benzo(a)pyrene and other po lycyclic arom atic hydrocarbons. 
Absorbance maxima fo r CO difference spectra from  plant microsomes have usually 
been re ferred to as 450nm peaks. Hendry and Jones (1984) reported tha t the 
endogenous form  found in mungbean seedlings had a maximum absorbance at 
452nm, however i f  such seedlings were germinated on media containing geraniol or 
cinnamate (two plant P-450 substrates), then maxima a t 449 and 451nm 
respectively were noted. Rich and Bendall (1975) gave the wavelength fo r the CO 
difference spectrum maximum fo r cau liflow er as 45G.5nm. A CO d iffe rence 
spectral peak o f 448nm was reported fo r a particu la te  preparation o f avocado 
mesocarp (Dohn and Krieger, 1984) and fo r tu lip  bulb microsomes (Higashi e t al., 
1985).
The CO d ifference absorbance peak, observed here at 420nm in some 
m icrosomal preparations, can be a ttribu ted  to cytochrome P-420, a product o f P- 
450 dénaturation. P-450 in plant microsomes is usually accompanied by P-420 
w ith , in some cases, this la tte r  spectral form  exceeding the fo rm er (R ich and 
Bendall, 1975). Long-term  storage o f avocado mesocarp m icrosomal suspension at 
-80°C, short-term  storage at room tem perature, or trea tm ent w ith  detergents, 
produce an increase in the 420nm component w ith  a concom itant decrease in
- 1 0 3 -
absorbance at 450nm. The same e ffe c t has been observed a fte r  trea tm ent w ith  
detergents, salts, or denaturing agents on Arum spadix (Yahiel e t 1974), 
cau liflow er inflorescence (K jellbom  et al., 1985) and Marah macrocarpus 
endosperm (Hasson and West, 1976), and is consistent w ith  the action o f detergents 
on ra t liv e r microsomes (Omura and Sato, 1964a). Tanaguchi et W., (1985) have 
shown in ra t live r microsomes tha t once form ed, P-420 loses its  haem m oiety fa r 
more readily than the native P-450, producing the apo-protein. The disappearance 
o f the 420nm peak w ithou t change in absorbance a t 450nm in freeze-thawed tu lip  
bulb microsomes would seem to be consistent w ith  th is. I t  has been conceded tha t 
the 420nm peak may be due to other haemoproteins form ing s im ila r CO complexes 
(Hendry et al., 1981). Murphy and West (1969) have suggested th a t peroxidase may 
be responsible fo r the 420nm peak. However, Rich and Bendall (1975) provided 
evidence against th is idea in tha t the ra tio  o f peroxidase a c tiv ity  to 420nm peak 
height is fa r less than tha t measured fo r pure horseradish peroxidase, peroxidase 
a c tiv ity  can be washed from  microsomes w ith  no e ffe c t on 420nm peak height and 
peroxidase a c tiv ity  can be detected in microsomes showing no 420nm peak. This 
evidence, together w ith  the fa c t tha t the 420nm component is spectra lly iden tica l 
to th a t obtained by known P-450 degradation, suggests th a t i t  is equivalent to the 
P-420 in animal systems. Studies w ith  e.s.r. on tu lip  bulb microsomes have shown 
signals equivalent to those a ttribu ted  to P-450 and P-420 in ra t liv e r microsomes 
and the peaks obtained were found to corre la te  w ell w ith  the amounts o f P-450 and 
P-420 measured by visible d ifference spectroscopy (Rich e t al., 1975).
A question arises as to whether the P-420 found in freshly prepared 
m icrosomal fractions from  plant tissues is an a r t ifa c t produced by the rigours of 
m icrosomal preparation or whether i t  is endogenous. Some preparations o f avocado 
mesocarp and tu lip  bulb microsomes show no P-420 while others prepared under 
identica l conditions show re la tive ly  high P-420 content. This is especially apparent 
in fru its  tha t are over-ripe or damaged, or bulbs tha t have been stored fo r  a long 
tim e. In other tissues P-420 is consistently present and sometimes is found to ta lly
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in the absence o f P-450. Inclusion o f th io l agents such as d ith io th re ito l or 2- 
mercaptoethanol appear to have l i t t le  or no e ffe c t on the amount o f P-420 found, a 
result in agreement w ith  Hendry et al., (1981) and K je llbom  et a l., (1985). The 
presence o f P-420 in vivo has been demonstrated; Hendry et a l., (1981) recorded 
CO difference spectra from  in ta c t mung bean radicles and hypocotyls which 
consistently gave P-450/P-420 ratios s im ila r to those found m v it ro , and the levels 
o f the cytochromes changed w ith  the age o f the seedlings. The conversion o f P-450 
to P-420 in ra t live r has norm ally been considered to be an iii v itro  a r tifa c t.  
However, there has been a suggestion fo r a physiological ro le fo r the conversion 
(Tanaguchi et al., 1985). These workers have demonstrated the fo rm ation  o f P-420 
by the phosphorylation o f P-450 involving a cyc lic  AMP dependent prote in kinase. 
This could be a contro l step in P-450 degradation; the same may be true in plants. 
Overall, the evidence suggests tha t the appearance o f P-420 is not wholly a 
consequence o f P-450 degradation during m icrosomal preparation but is also a 
consequence o f the state o f the p lant tissue in term s o f age, development, ripeness 
and general condition.
P-450 content is generally estimated from  the absorbance at 450nm 
minus the absorbance at 490nm in the CO difference spectrum by u tiliz in g  the 
m olar absorption coe ffic ie n t o f 9.1 x 10^ li t re  m ol"^ cm "^ determ ined by Omura 
and Sato (1964b) fo r hepatic m icrosomal P-450. Rich and Bendall (1975) have 
surveyed microsomal preparations from  a wide varie ty o f p lant tissues fo r P-450. 
Measurable concentrations varying from  .005-0.4nmol mg~^ prote in were found 
w ith  concentrations less than O.lnmol mg"^ prote in predominating in the m a jo rity  
o f tissues. This survey has been extended by a number o f workers and a tab le  of 
the reported occurrence o f P-450 in higher plants has been given ea rlie r 
(Table 1.1). Compared w ith  the levels o f P-450 found in the microsomes o f ra t 
liv e r (around l.Onmol mg~^ protein in untreated animals) most p lant tissues appear 
to contain a t least one order o f magnitude less P-450.
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In this survey most plant tissues did not exhib it more than trace amounts 
o f P-450. However three tissues contained re la tive ly  high P-450, namely Arum 
maculatum spadix (0.4nmol mg~^ protein), avocado mesocarp (0.33nmol mg 
protein) and certa in  tu lip  bulbs (0.25nmol mg"^ protein). Although only on the basis 
o f a single preparation, the specific content found here fo r p re -c lim acte ric  Arum 
maculatum spadix is much higher than the 0.07nmol mg“ ^ prote in previously 
reported by Rich and Bendall (1975) but s im ila r to the 0.31 nmol m g '^  reported by 
Yahiel et W., (1974) fo r Arum ita licu m . The P-450 content fo r avocado mesocarp 
was a t least an order o f magnitude higher than the 0 . 0 2 nmol mg"^ prote in reported 
by Hendry (1985), but comparable to the 0.4 and 0.38nmol mg“ ^ prote in reported by 
Rich and Lamb (1977) and by Dohn and K rieger (1984) and s ligh tly  higher than the 
mean content o f 0.12nmol mg” ^ prote in found by Markham (1976). Rich and 
Bendall (1975) reported P-450 levels in tu lip  bulb (Tulipa gesneriana) to be between 
0.2-0.4nmol mg"^ prote in. Two cu ltivars o f tu lip  bulb studied here (Black Swan, a 
Darwin hybrid and Red Riding Hood, a G re ig ii hybrid) fe ll into this range.
The avocado and tu lip  bulb were chosen as tissues fo r fu rth e r study on 
the basis o f the ir re la tive ly  high P-450 levels, ava ilab ility  and ease o f ce ll free 
preparation. Arum m aculatum , although showing the highest P-450 both in terms 
of tissue weight and m icrosomal prote in, flowers fo r a few weeks only in la te  
spring and thus is o f res tric ted  ava ilab ility . Tulip bulbs o f many cu ltiva rs  can be 
purchased through September and October and are easily stored a t 8 °C  in 
ventila ted bags un til required. The avocado is a pa rticu la rly  favourable source o f 
tissue fo r study. F ru its are now available throughout the year, although varie ties 
and country o f origin may d iffe r . In addition, avocado P-450 has already been 
shown to be re la tive ly  stable compared to other plant tissues (Markham 1976).
The two most commonly available varie ties o f avocado pear are Hass and 
Fuerte, im ported from  Israel or C a lifo rn ia . Where possible, these were purchased 
from  Marks and Spencer PLC, in an e ffo r t  to achieve some standardization in the 
quality and trea tm ent o f fru its  used. Comparison o f the two varie ties showed Hass
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to contain s ign ifican tly  higher levels o f P-450 both in terms o f m icrosomal prote in 
and tissue weight, thus where possible, Hass was the varie ty  o f choice. The reason 
fo r the d ifference in P-450 content in the two varie ties may be a re fle c tion  o f the 
com positional differences in term s o f prote in and lip id  content.
Obtaining a satis factory explanation fo r the apparent varia tion  in P-450 
content o f d iffe re n t cu ltivars  is d if f ic u lt  since many factors must influence the 
levels o f this cytochrome. However, fo r tu lip  bulbs, consideration was given to a 
connection between P-450 content and u ltim ate  flow er colour. Chlorophyll, 
carotenoids and flavonoids are the most im portan t compounds responsible fo r most 
o f the pigm entation o f p lant tissues. The anthocyanins along w ith  other flavonoids 
such as flavones and flavonols, are the major contribu tors to flow er colour (see 
Harborne, 1967). Factors contro lling  colour in flowers include the concentration 
and the nature (hydroxylation and m éthylation pattern) o f the anthocyanins, and 
the presence o f co-pigments and chelating metals. For example, low pigment 
concentrations o f anthocyanins (ca. 0 .0 1 % dry weight o f petal) give fa in t colour 
blushes whereas high concentrations produce deep colouration. The dark maroon 
tu lip  ’Queen o f the N ight' has an anthocyanin content o f the order o f 15% o f peta l 
dry weight. Flower in itia tio n  occurs w ith in  the bulb and thus i t  is possible tha t 
precursors o f anthocyanins and other flavonoid pigments may be accumulated at 
th is stage and undergo la te r m od ifica tion  to give flow er colour. The biosynthesis 
o f the flavonoids involves the phenylpropanoid pathway and thus P-450-linked 
cinnamic acid hydroxylase. To accumulate high concentrations o f pigm ent 
precursors, i t  is possible tha t the m etabolic pathway, including P-450, is am plified  
in the bulb.
The data given in Table 2.3 shows some support fo r th is m etabolic 
development concept. The cream /w hite  flow ering bulbs (flowers which are large ly 
acyanic) generally exhib it the lower specific  P-450 contents whereas the bulbs w ith  
highly pigmented flowers (Queen o f the N ight, Black Swan and Red Riding Hood) 
show highest P-450 levels. The yellow flow ering bulbs can have high specific  P-450
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content but yellow pigment is rare ly a ttribu ted  to anthocyanins, however high 
concentrations o f other flavonoids may be involved.
Other explanations o f the varia tion in tu lip  bulb P-450 content may 
include the varying condition o f the bulbs w ith  regard to tissue damage or fungal 
a ttack. The induction o f P-450 in plants in response to such in jury has been 
reported (1.5.1). However in this study care was taken to remove a ll overtly  
damaged or in fected bulbs and good reproducib ility  was found between microsomal 
preparations o f the same cu ltivars . The major factors in fluencing P-450 
concentration in mammals are species, tissue, age, sex, hormonal status, d ie t, 
environment including the ingestion o f anutrients. W ithin the range of tu lip  bulbs 
used in th is study there are d iffe ren t species, hybrids and varie ties and i t  is 
envisaged tha t the age and stage o f development o f the bulbs d iffe red , although i t  
is hoped tha t this is m inim al w ith in  a purchased batch o f one cu ltiva r. Before 
purchase, the bulbs were perhaps subjected to d ifferences in environment such as 
storage conditions and temperature which could also influence the stage o f 
development and thus enzymic levels including P-450.
Ideally, the bulbs selected fo r fu rthe r study would have been those 
exhib iting the highest P-450 content, however, a compromise had to be made 
between choosing bulbs w ith  high P-450 content and those tha t were readily 
available in quantity, thus the varie ties 'Beauty o f Apeldoorn' and 'Golden 
Apeldoorn' were used.
M icrosomal Preparation by R e la tive ly Low Speed C entrifugation  a fte r 
P recip ita tion w ith  PEG
The low P-450 content o f higher plant tissues makes the study o f the 
physiology and physical properties o f th is haemoprotein d if f ic u lt .  A rapid method 
o f obtaining adequate quantities o f m icrosomal P-450 is essential. This has been 
accomplished using an a lterna tive  method of m icrosomal preparation involving the 
use o f PEG and re la tive ly  low speed cen trifugation . This method o f m icrosomal
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preparation gives high recoveries o f P-450 from  post-m itochondria l supernatants o f 
ra t live r, avocado mesocarp and tu lip  bulb. A s im ila r method o f isolating 
m icrosomal P-450 has been previously described fo r the preparation o f microsomes 
from  ra t live r, yeast and spiny crab (Van der Hoeven, 1981; Sadler et a l., 1985; 
Batel et a l., 1986). Van der Hoeven (1981) showed tha t trea tm ent o f the post- 
m itochondria l supernatant o f ra t live r w ith  5% w /v  PEG followed by low speed 
centrifugation  gave a 'm icrosomal pe lle t' iden tica l to th a t obtained using 
conventional high speed cen trifuga tion . In the ra t live r studies here, 3% w /v  PEG 
was required to give protein and P-450 recoveries comparable to those given by 
high speed centrifugation . Glucose 6 -phosphatase and P-450 linked enzyme 
a c tiv ity  (benzphetamine N-demethylase) were found to be s ligh tly  higher in the 
PEG prepared microsomes. In comparison, m icrosomal fractions prepared by Ca^^ 
sedimentation gave lower protein and P-450 recoveries. However, o ther workers 
have favourably compared Ca’*'  ^ w ith  conventionally prepared microsomes (Kamath 
and Ananth Narayan, 1972; C in ti e t al., 1972, Kupfer and Levin, 1972). Compared 
to ra t live r higher concentrations o f PEG were needed to obtain good recoveries o f 
P-450 from  plant tissues; 6 % w /v PEG was required to sediment P-450 equivalent 
to tha t obtained by high speed centrifugation  but the co-sedimentation o f proteins 
norm ally confined to the soluble frac tion  o f the ce ll, was apparent. The trea tm ent 
o f tu lip  bulb w ith  6 % w /v PEG led to the recovery o f a s im ila r amount o f protein to 
tha t gained by high speed centrifugation  but sedimented only three quarters the 
amount o f P-450. This suggests tha t some cytosolic proteins were sedimenting 
more readily than some microsomal proteins. As w ith  the yeast preparations 
reported by Sadler et al., (1985), m icrosomal preparation from  plant tissues using 
PEG give a re la tive ly  high recovery o f P-450 but o f lower specific content. The 
use o f calcium  chloride to sediment 'm icrosomal' proteins from  plant tissue post- 
m itochondria l supernatants appeared to bring about extensive degradation o f P-450 
in both tu lip  bulb and avocado preparations. A s im ila r e ffe c t was seen in yeast 
(Sadler et a l., 1985).
-109-
Figure 2.24 represents a comparison o f two methods o f m icrosomal 
preparation: trad ition a l high speed centrifugation  and re la tive ly  low speed
centrifugation  using PEG. The diagram clearly shows the advantages in terms of 
tim e and labour o f using PEG, especially when large volumes o f post-m itochondria l 
supernatant need to be processed. The use o f PEG enables isolation and
concentration o f m icrosomal P-450 from  large quantities o f p lant tissue w ith  
decreased risk o f degradation (eg to P-420).
Microsomal E lectron Transfer Components in Plant Tissues
Extensive investigation o f m ixed-function oxidation reactions involving 
P-450 has led to the form ulation o f an associated electron transfer scheme 
(Figure 1.16). There is evidence to suggest tha t the electron transfer pathways 
partic ipa ting  in m ixed-function oxidations in hepatic and higher p lant m icrosomal 
systems are s im ila r (1.4). This would appear to be supported by the detection o f 
other electron transfer components as w e ll as P-450 in the m icrosomal fractions o f 
avocado mesocarp and tu lip  bulb. These include cytochrome b^, NADH-
cytochrome b^ reductase, NADH- and NADPH-cytochrome c reductases. The same 
components have been detected in Marah macrocarpus (Hasson and West, 1976) and 
were thought to be analogous to those found in hepatic microsomes.
Table 2.6 compares the content and a c tiv ity  o f some o f these 
haemoproteins and reduced pyridine nucleotide haemoprotein reductases o f the 
microsomal preparations from  three plant tissues and the livers o f untreated rats. 
There is considerable varia tion in these enzyme a c tiv itie s  between the d iffe re n t 
plant tissues. With the exception o f the b^ content in Marah macrocarpus as found 
by Hasson and West (1976), the P-450, b^ and NADPH-cytochrome c reductase are 
seen to be consistently lower in the m icrosomal preparations from  the plant tissue 
as compared w ith  the data o f Taylor e t a l., (1985) fo r ra t live r. In ra t live r 
microsomes, lG-20moles o f P-450 are present per mole o f reductase (see Sato and 
Omura 1978). The ra tio  o f b^ to P-450 in ra t liv e r is found to be in the order o f 1:2
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Waring blender
0.1M phosphate buffer , pH 7.4
15,000g X 20 min 
6 X 250ml rotor
144,000g X 60 min 
max. rotor capacity 
\  of the order 250ml 
\  this step required 
\  four times
22,000g X 30 min 
6 X 250ml rotor
144,000g X 60 min 
8 X 30ml rotor
resuspend 
pel lets  
Iml/IOg ( 50ml )
post-mitochondrial 
supernatant 
( 1000ml)
resuspend 
pel lets  
Iml/IOg ( 50ml)
500g tissue 
e.g. avocado 
mesocarp -
33% homogenate 
total volume 
1500ml
6% PEG stirred  
for  30_min
Figure 2.24 Comparison o f Microsomal Preparations Using High Speed 
C entrifugation  w ith  Low Speed C entrifugation  Follow ing 
Treatm ent w ith  PEG
As can be seen from  this flow  diagram, the tim e required from  the branch-point 
(post-m itochondria l supernatant) to the m icrosomal pe lle t has halved (o f the order 
o f 2h) by the PEG procedure as compared w ith  the classic (of the order o f 4h) 
procedure.
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(Omura and Sato, 1964a). Rich and Bendall (1975) measured the P-450 and 
content o f 17 plant tissues, and ratios o f b^ to P-450 were found to vary from  1:10 
fo r tu lip  bulb (s im ilar to ra tio  found in th is study; see Table 2.4) to around 40:1 fo r 
Phaseolus vulgaris hypocotyl. The published ratios fo r the m ajority  o f p lant tissues 
showed a molar excess o f b^ in comparison w ith  P-450. In mammalian microsomal 
preparations, P-450 exceeds b^ w ith  the possible exception o f ra t brain (value o f 
3:1 quoted by Holtzman and Desautel, 1980). O ther b type cytochromes have been 
detected along w ith  P-450, P-420 and b^ in p lant microsomes (Rich and Bendall, 
1975; Hendry et al., 1981a). The varia tion in the components present and the ir 
amounts led Rich and Bendall to suggest tha t several independent electron 
transport systems exist in plants whose ac tiv itie s  must depend on the m etabolic 
requirem ent o f pa rticu la r tissues. The excess o f b type cytochromes in mung bean 
(w ith  b^ as the major component) found by Hendry e t al., (1981a), led to the 
conclusion o f additional functions over and above P-450 reduction. Oshino (1978) 
considered tha t cytochrome b^ and P-450 occur together in 'm ixed-function 
oxidase' complexes in most mammalian organs w ith  the exception o f brain, where 
the excess o f b^ over P-450 indicated tha t b^ may exist as an independent 
reductase. This may also apply to p lant tissues, however b^ does not show a m olar 
excess in respect to P-450 in the avocado mesocarp and tu lip  bulb.
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Solubilisation o f M icrosomal P-450 from  Avocado Pear Mesocarp
The solubilisation o f proteins from  th e ir membranes is a necessary step 
in the pu rifica tion  o f m icrosomal proteins. To achieve this, many po ten tia lly  
suitable detergents are available though i t  seems tha t the most popular solubilising 
agent fo r the isolation and pu rifica tion  o f P-450 from  mammalian microsomes is 
the ionic bile salt sodium cholate (Guengerich, 1979). Azari and Wiseman (1982) 
used a number o f ionic and non-ionic detergents to solubilise yeast P-448 w ith  
d iffe ring  results. Sodium cholate (1%) in the presence o f 0.1% T riton -X  100 gave 
100% recovery as did a concentration o f 1.1% T riton -X  100 alone when used w ith  
20% w /v g lycero l, Im M  EDTA and Im M  d ith io th re ito l, whereas 1.1% Emulgen 913 
gave only 50% recovery. I t  was found tha t 1% sodium cholate (in the absence o f 
T riton  x-100) gave 80% recovery o f P-450 from  ra t live r microsomes but only 36% 
recovery from  yeast. Certa in detergents, including 1% Renex 698 and 1% Tween
I
80 had l i t t le  or no solubilisation e ffe c t on the P-448 from  yeast. In each case, the 
prote in concentration was adjusted to 30mg ml~^.
Solubilisation o f plant m icrosomal proteins has been undertaken using a 
range o f detergents. Madyastha et W., (1976), using Renex-30, cholate or Lubro l- 
lux, achieved 50-60% solubilisation o f P-450 linked geraniol hydroxylase a c tiv ity  in 
Vinca rosea w ith  a detergent to protein ra tio  o f 0.4:1. Higashi et a l., (1985) used 
1.5% w /v Emulgen 911 to solubilise m icrosomal proteins from  tu lip  bulbs, however 
these workers did not present recovery values fo r the solubilised frac tio n . Gabriac 
et al., (1985) reported a P-450 recovery o f 90% a fte r solubilisation using 2:1 
detergent:prote in ra tio  o f CHAPS.
In these present studies a range o f detergents were tested fo r th e ir 
e fficacy in bringing about the solubilisation o f m icrosomal P-450 from  avocado 
mesocarp. A t a microsomal protein concentration o f 5mg m l” and the presence o f 
20% glycero l, Im M  EDTA and 1. mM d ith io th re ito l (additives to aid P-450 
stabilisation) sodium cholate, sodium deoxycholate, oc ty l glucoside ( 1 % w /v) or 
CHAPS (3% w /v) a ll e ffected the release o f 80% or more m icrosomal P-450 in to
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the 144,000g supernatant. However, i t  was evident, especially at concentrations 
greater than 1 % w /v tha t most o f the detergents brought about some dénaturation 
o f P-450. The detergent showing the best characteristics fo r the solubilisation 
was the re la tive ly  inexpensive and readily available sodium cholate. Thus, at a 
concentration o f 1% w /v cholate fa c ilita te d  the solubilisation o f 99% microsomal 
P-450 and even at 3% w /v showed no dénaturation e ffe c t. Consequently, sodium 
cholate was chosen as the solubilising agent fo r the extraction  o f P-450 from  the 
avocado mesocarp.
Steps were taken to optim ise the cholate to protein ra tio  required fo r 
the solubilisation o f avocado mesocarp m icrosomal P-450. This ra tio  varied 
according to the protein concentration w ith  a detergent: prote in ra tio  o f 2 : 1  
achieving around 75-80% solubilisation fo r prote in concentrations in the order o f 5- 
lOmg ml~^. However, i t  must be stressed tha t d iffe re n t detergent prote in ratios 
may be required to e ffe c t the maximum solubilisation o f other avocado m icrosomal 
proteins as is seen in the case o f cytochrome b^.
P a rtia l P u rifica tion  o f M icrosomal Cytochrome P-450 from  Avocado Mesocarp and 
Tulip Bulb
P artia l pu rifica tion  o f P-450 from  avocado mesocarp and tu lip  was 
achieved by anion exchange chromatography o f cholate solubilised m icrosomal 
fractions on DEAE-Sephacel. In the case o f the tu lip  bulb fu rthe r pu rifica tion  and 
removal o f detergent were obtained by chromatography on hydroxylapatite .
The two m ajor c r ite r ia  o f the degree o f pu rifica tion  as applied to P-450 
preparations, have been specific content (nmol P-450 mg"^ prote in) and the pattern  
atta ined by SDS-PAGE. This la tte r  technique shows P-450 from  a varie ty  o f 
sources, to have subunit m olecular weights in the region o f 46-58 kDa (Black and 
Coon, 1986). This value o f the order o f 50kDa im plies tha t 20nmol mg ^ prote in 
w ill be the lim itin g  value fo r a homogeneous preparation. In fa c t, pu rified  
preparations o f hepatic m icrosomal P-450 and P-448 from  phénobarbita l- and 3-
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m ethylcholanthrene-treated rats were found to have specific contents o f 18.4 and 
22nmol mg"^ prote in w ith  yields o f 1.3 and 1.4% respective ly. The pu rifica tion  
values were in the order o f 7-18 fo ld (Ryan et a l., 1978). A zari and Wiseman 
obtained an apparently e lectrophore tica lly  homogeneous preparation o f yeast P-448 
w ith  a fina l specific content o f 17.5nmol mg"^ prote in. P-450 from  Jerusalem 
artichoke has been purified  by a fac to r o f 11 to a specific content o f 1.74nmol mg  ^
protein. The yield was 15% (Gabriac et ^ . ,  1985). A single m ajor form  o f 
m icrosomal P-450 from  tu lip  bulb (Tulipa gesneriana) has been isolated (Higashi et 
al., 1985). The specific content was found to be 6 .6 8 nmol mg"^ prote in which was 
a 30-fold enrichment from  solubilised microsomes.
Compared w ith  the preparations mentioned above, the specific P-450 
contents obtained fo r the pa rtia lly  purified  preparations from  tu lip  bulb (Beauty o f 
Apeldoorn) and avocado mesocarp are disappointingly low w ith  the exception o f the 
published value fo r Jerusalem artichoke. Judging the homogeneity o f the avocado 
mesocarp and tu lip  bulb P-450 preparations by SDS-PAGE gives a more favourable 
p ic tu re . One aspect o f th is apparent dichotomy is tha t the specific content relies 
heavily on the accuracy o f the protein determ ination. The Lowry procedure (Lowry 
et a l., 1951) is prone to in terference (Peterson, 1979) and can produce values 
s ign ifican tly  d iffe re n t from  those obtained by quantita tive  amino acid analysis 
(Ryan et al., 1975). Another aspect centres upon isolation in s tab ility .
A fte r  solubilisation o f m icrosomal proteins, the removal o f p lant P-450 
from  its  membrane lip id  environment may w e ll produce ins tab ility  problems despite 
the presence o f g lycero l, EDTA and d ith io th re ito l. The conditions under which 
pu rifica tion  procedures were performed involved many hours a t 4-6°C  on columns. 
In the case o f the avocado, lip id  remaining in the solubilised frac tion  led to fu rth e r 
reduction o f flow  rate thus increasing the period required fo r column e lu tion. The 
ins tab ility  o f the plant P-450 under these conditions may have greatly increased 
dénaturation to the P-420 form  and beyond w ith  the loss o f haem to give the apo­
protein. Thus the most like ly  cause o f the low specific content found in these 
preparations is the loss o f haem to yie ld the spectra lly inactive  apo-P-450.
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The semi purified  preparations o f avocado mesocarp and tu lip  bulb P-450 
showed additional fa in t bands on SD5-PAGE corresponding to molecular weights o f 
around 76kDa and 90kDa respectively. The iden tity  o f the high m olecular weight 
component seen in the tu lip  bulb preparation is uncertain, however the band at 
76kDa seen in the avocado preparation may be a ttribu ted  to NADPH-cytochrome c 
(cytochrome P-450) reductase. Detergent solubilised reductase in Catharanthus 
roseus was found to exhib it a molecular weight o f 78kDa (Madyastha and Coscia, 
1979) and mammalian reductases range from  76-79.5kDa (Yasukochi and Masters, 
1976; Verm ilion and Coon, 1978; Shephard et a l., 1983). However, higher m olecular 
weight reductases o f 81-83kDa have been shown in yeast (Saccharomyces 
cerevisiae), house f ly , Jerusalem artichoke and sweet potato (Aoyama et a l., 1978; 
Mayer and Durrant, 1979; Benveniste et ^ . ,  1986; and Fuji ta and Asahi, 1985b).
The major P-450 form  from  tu lip  bulb previously purified by Higashi et 
al., (1983) was o f a higher m olecular mass (52.5kDa) than the tu lip  bulb P-450s 
described. here. The P-450 responsible fo r cinnamic acid hydroxylation in 
Jerusalem artichoke was found to have a higher subunit m olecular mass o f 56kDa 
(Gabriac et al., 1985). In th is study the m ajor bands seen on the SDS-PAGE gels in 
avocado mesocarp and tu lip  bulb preparations correspond to m olecular masses in 
the range o f 51-53kDa and 48-50kDa respectively and this coincides w ith  the 46- 
58kDa subunit range found fo r a ll other P-450s so fa r purified  (Black and Coon, 
1986).
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CHAPTER 3
SPECTRAL INTERACTIONS OF SUBSTRATE/LIGAND WITH AVOCADO  
MESOCARP P-450: SEARCH FOR A SUBSTRATE
- 1 1 7 -
3.1 Introduction
Substrate Induced Binding Spectra
A wide va rie ty  o f lipoph ilic  substances o f a s truc tu ra lly  diverse nature are 
known to in te ra c t w ith  mammalian cytochrom e P-450 to cause characte ris tic  
spectral changes as studied by op tica l d iffe rence spectrophotom etry (Schenkman et 
W.; 1981). Absorbance change resulting from  in te rac tion  between P-450 and a 
substrate was f ir s t  demonstrated by Narasimhulu et al. (1965) on the addition o f 
17-hydroxyprogesterone to de te rgen t-c la rified  bovine adrenocortical microsomes. 
The optica l spectrum showed an absorbance peak a t 388 nm, a trough at 420 nm 
and an isosbestic po int at 407 nm. Remmer e t al. (1966) and Imai and Sato (1966) 
reported two types o f spectral change on the addition o f drug substrates to ra t and 
rabbit hepatic microsomes respective ly. These spectra l changes were la te r 
categorised as type 1 and type II (Schenkman et a l., 1967), along w ith  a th ird  class 
of spectral change called the m odified type 1 1 , la te r to be redesignated as reverse 
type 1 (Schenkman et a l., 1972). Each spectra l change is represented in Figure 3.1.
385
TYPE I
AA
42(T
430
LLI
Ü
§
SsCO
<
TYPE II
420
3 9 0 -405
TYPE Rl
WAVELENGTH (nm)
390
Figure 3.1 Type I, II and Reverse Type I (RI) d iffe rence  spectra l changes 
resulting from  in te rac tion  between P-450 and substra te /ligand.
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(i) Type I
The type I spectral change is characterised by a peak a t 385-390 nm and a 
trough at 420 nm. Schenkman et ai. (1981) have tabulated an extensive lis t o f 
compounds capable o f evoking such a spectral change w ith  mammalian microsomes. 
These compounds are s truc tu ra lly  diverse ranging from  carbon te trach lo ride , 
toluene, fa tty  acids, steroids and po lycyclic  hydrocarbons to drugs, detergents and 
tox ic  agents, many o f which are known substrates o f the P-450 mixed function 
monooxygenase system. The magnitude o f spectral change observed is dependent 
on enzyme concentration, m icrosomal prote in concentration, substrate 
concentration, the substrate employed and tem perature. The data derived from  
substrate-induced binding spectra are therefore amenable to M ichaelis-M enten 
analysis. Schenkman et a l. (1967) showed tha t a double reciproca l p lo t allows 
calculation o f an apparent spectral dissociation constant (K^, the substrate 
concentration causing ha lf-m axim al spectral change) and this value in many cases 
is s im ila r in magnitude to the value (substrate concentration required to evoke 
ha lf maximal enzyme a c tiv ity ). On the basis o f th is s im ila r ity , Schenkman et W. 
(1967) concluded tha t a type 1 spectral change was a spectral m anifestation o f 
enzyme-substrate complex form ation .
The haem in P-450 exists in both penta- and hexa-coordinate iron complex 
form s. Four o f the ligands are taken up by the four pyrro le nitrogen atoms o f the 
protoporphyrin IX  and the axial ligand o f the penta-coordinate form  is thought to 
be a cysteinate residue from  the apoprotein (Mansuy, 1983). In the 
hexa-coordinate fo rm , the endogenous sixth ligand is uncertain but i t  is probably an 
O H-contain ing molecule. Studies using haem models have shown th a t a type 1 
spectral change can be brought about by increasing the e lec tronega tiv ity  o f the 
sixth ligand o f ferrihaem  by increasing the pH (Schenkman and Sato, 1968). This 
resulted in a change o f ligand from  HgO to a hydroxyl ion, suggesting tha t in 
microsomes, the type I spectral change is due to a displacement o f the s ixth ligand 
o f the P-450 haem from  a hydrophobic region o f the apoprotein (possibly the active  
site) by the substrate.
“119-
(ii) Type II
The type II spectral in te raction  is characterised by an absorbance minimum 
at 390-405 nm and a peak a t 425-435 nm. The compounds capable o f e lic itin g  such 
spectral change a ll have unhindered lone electron pairs such as are found in 
prim ary amines. The type II spectrum was suggested to be due to the binding o f 
these compounds through this non-bonded electron pair to the fe rr ic  form  of the 
haemoprotein. Such compounds are able to compete w ith  carbon monoxide from  
the reduced P-450 form  and to bind d ire c tly  to the haem as the sixth ligand 
(Schenkman e t a l., 1967, 1972). Type 11 compounds are not necessarily P-450 
substrates but the spectral changes can none the less be subjected to analysis to 
calculate the spectral dissociation constant K^.
( iii)  Reverse Type 1
The reverse type 1 (Rl) w ith  a peak a t 420 nm and a trough at 390 nm, 
appears to be the m irro r image o f the type 1 spectral change. The cause o f th is 
reverse type 1 spectral change remains uncertain. One suggestion is the 
displacement o f endogenous substrates from  the type I binding site o f P-450 
(Schenkman et al., 1969, 1972, 1973). Other explanations involve p ro te in -pro te in  
in te raction  w ith  P-450 (Schenkman e t al., 1981) or in te rac tion  o f alcohols w ith  the 
haem iron (Yoshida and Kumaoka, 1975).
Haem L igation , Haem Iron and Spin State
To understand substrate in te raction  w ith  P-450 (and u ltim a te ly  its  
significance in the mechanism o f the enzyme), the co-ord ination chem istry o f the 
haem iron has to be considered.
The fe rr ic  form  of iron (Fe^*^) present in the protoporphyrin contains five  
electrons in the 3d subshell. In the hexa-coordinate form  haem exists in an 
octahedral arrangement around the centra l Fe^"^ ion (see Figure 3.2). The ligands 
exert an e lec tros ta tic  fie ld  which w ill tend to repel the electrons o f the centra l
“ 120“
c en tr a l  ion
Figure 3.2 Octahedral arrangement o f six ligands around the centra l
Fe ion
The ligands lie  on the x-, y- and z- axes.
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ion. This repulsion raises the energy o f the d orb ita ls. Due to  differences in th e ir
2 2 2spatia l arrangements, the ligand e ffe c t is greatest on the e^ (dx -y  , dz ) orb ita ls
than the t 2 g (dxy, dxz, dyz) orb ita ls . As a result more energy is required fo r  an
electron to occupy an e^ o rb ita l than a t 2 g o rb ita l and this d iffe rence in energy,
A E, is known as the c ry s ta l-f ie ld  sp litting . A E is a function  o f the strength o f
the ligand to the fe rr ic  d o rb ita l repulsion forces and thus the ligand fie ld  strength.
In a weak ligand fie ld , the five  d orb ita ls  w ill be occupied singly before any pairing
of electrons takes place and the maximum paramagnetic configuration o f net spin
S = 5/2 is predicted (high spin). In a strong ligand fie ld  there is a large energy
difference between e and to  orb ita ls and electron pairing w ill occur. Thus a dg 2 g
electron configuration o f net spin S = ^ is predicted (low spin) (see Figure 3.3).
C orre la tion between Spin State and O ptica l Binding Spectra
The spin states o f the fe rr ic  haem iron can be id en tified  by th e ir 
characteris tic  e.s.r. spectra. Mason and co-workers (1965a,b) described an e.s.r. 
spectrum in hepatic microsomes which f it te d  low spin ferrihaem oprote in and they 
re lated this signal to P-450. Many workers have since shown tha t the spin state o f 
fe rr ic  cytochrome P-450 can be modulated by addition o f substrate, type I 
compounds causing a s h ift from  low spin to high spin, a s h ift from  high to low spin 
fo r reverse type I, and the form ation o f a new low spin species w ith  type II 
compounds (Crammer e t al., 1966; Gunsalus, 1968; Oldham e t W., 1968; Whysner e t 
al., 1969, 1970; M itan i and Horie, 1969a,b). C orre la tion has been shown to exist 
between e.s.r. and optica l spectroscopy (Whysner, 1970; Sligar, 1976; C in ti e t al., 
1979). Thus the high spin form  o f P-450 is characterised op tica lly  in the absolute 
spectrum (i.e. suspension bu ffe r only in the reference cuvette) by absorption 
maximum at 385-390 nm w ith  the low spin form  m axim ally absorbing a t 
416-418 nm. I t  has been demonstrated by e.s.r. and optica l spectroscopy, th a t in 
the absence o f substrate, P-450 exists as an equilibrium  of high spin and low spin 
states (Sligar, 1976; Paul e t al., 1976; Ristau e t al., 1978; C in ti e t al., 1979). In the
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Figure 3.3 Illu s tra tion  o f the S = j  and S = ^ 2  e lectron d istribu tion
When the crysta l fie ld  is greater than the spin pairing energy 
(crossing point), the e and t^  subsets are energetica lly very 
separated and the system prefers the low spin form . When the 
crysta l fie ld  is sm aller than the spin pairing energy, i t  is 
energetically more favourable to d is tribu te  electrons between 
e and t^  levels, thus creating high spin.
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presence o f substrate, the iron in the penta-coordinate complex exists as a high 
spin form  w ith  an out o f plane displacement o f haem iron (see Figure 3.4). The 
position o f th is equilibrium  is influenced by tem perature, ionic strength, substrate 
and ligand binding. Thus, the type I op tica l d iffe rence spectrum represents an 
increase in the high spin component, whereas the type II spectra indicates an 
increase in the low spin state o f the haemoprotein.
Substrate In te raction w ith  Cytochrome P-450 from  Higher Plants
A ll in fo rm ation  detailed previously in th is chapter has arisen from  studies 
on mammalian or bacteria l P-450. The l i t t le  in fo rm ation  there is on this top ic 
concerning higher plants indicates tha t the plant P-450 system is s im ila r.
Benveniste and Durst (1974) reported type I spectral in teractions o f trans- 
cinnam ic acid w ith  the microsomes o f Jerusalem artichoke (Helianthus tuberosus) 
as evidence fo r P-450 involvem ent in the 4-hydroxylation o f th is substrate. 
Typical type II in teractions were observed in cau liflow er microsomes w ith  a 
number o f compounds such as aniline and pyrid ine (Rich and Bendall, 1975), 
however cinnamic acid fa iled  to e lic it  the type I spectra in these microsomes. I t  
was suggested tha t th is d ifference demonstrated th a t P-450s from  d iffe re n t p lant 
sources have d iffe re n t substrate spec ific ities . This suggestion was supported by 
Rich and Lamb (1977) who found tha t microsomes prepared from  washed potato 
slices bound cinnam ic acid to give a type I binding spectrum. No such spectra were 
seen w ith  microsomes prepared from  avocado mesocarp, tu lip  bulb, pea or mung 
bean. W ith the exception o f mung bean,trans-cinnam ic acid 4-hydroxylase a c tiv ity  
was detected in a ll these tissues. However, the washed potato slice microsomes 
showed by fa r the highest specific a c tiv ity .
The e.s.r. properties o f higher plants have been studied (Rich et a l., 1975). 
These workers showed tha t P-450 from  tu lip  bulb gave e.s.r. signals cha racte ris tic  
o f low spin and high spin forms. The addition o f type I and II ligands caused 
increase and decrease respectively in the ra tio  o f the high spin to low spin form s.
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Figure 3.4 Outline scheme fo r proposed changes occurring a fte r
in te raction  o f a compound w ith  cytochrome P-430
The apo-protein and the plane o f the porphyrin ring o f P-450 
are shown. A substrate in te raction  a t the hydrophobic enzyme 
loc i o f P-450 results in a s h ift from  low spin to high spin (iron 
out o f plane o f porphyrin ring) o f the five  d-e lectrons o f iron 
which is measured w ith  a d iffe rence absorbance spectrum as 
indicated. Ligand in te raction  w ith  the haem m oiety results in 
low spin state (iron in plane o f porphyrin ring). Depending on 
the ligand used, the spin state is measured as a d iffe rence 
absorbance spectrum more or less like the one indicated.
(Adapted from  Blast, 1986)
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Aniline , pyridine and metyrapone gave e.s.r. and op tica l binding spectra consistent 
w ith  the in te rp re ta tion  th a t a type II binding spectrum signifies the a lte ra tion  in 
balance between high spin to low spin P-450 in favour o f the la tte r .  No type I 
ligands were found fo r the tu lip  bulb P-450. However, e.s.r. spectra o f potato slice 
microsomes showed tha t the type I substrate, trans-cinnam ate increased the 
amount o f high spin P-450 at the expense o f the low spin fo rm , again confirm ing 
the spectrophotom etric in te rp re ta tion .
Binding studies performed by Markham (1976) using m icrosomal 
preparations o f Pisum sativum or Phaseolus vulgaris produced no d is tinc t spectra 
w ith  a wide range o f compounds, many o f which bind to hepatic P-450. This was 
considered to be a re fle c tion  o f low P-450 levels or high substrate spec ific ity . 
Markham (1976) reported tha t avocado pear mesocarp microsomes were able to 
bind lauric  acid and 2,4-dichlorophenoxyacetic acid (type I) and metyrapone 
(type II).
The aim of the present study was to examine the a b ility  o f avocado 
mesocarp m icrosomal P-450 to bind a selection o f compounds. This selection 
included many known mammalian P-450 substrates and inh ib itors, some known 
plant P-450 substrates, and a series o f ary l compounds. The presence or absence of 
spectral binding is not necessarily conclusive evidence tha t a compound w ill or w ill 
not be metabolised by the P-450 system. However, a ll substrates must bind to 
P-450 at the type I binding site and i t  was antic ipated th a t these studies m ight give 
some ind ication o f a possible substrate fo r avocado mesocarp P-450. In addition, i t  
was hoped to reveal suitable inh ib itors tha t could be used as tools to im p lica te  
P-450 involvem ent in any fu rthe r m etabolic studies. The avocado mesocarp is a 
highly lip id  rich  m ate ria l (up to 30% trig lyce ride  w ith  a predominance o f oleate 
(Table 4.1). Thus i t  was o f pa rticu la r in te rest to investigate the in te rac tion  o f 
avocado P-450 w ith  a series o f fa tty  acids.
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3.2 M ateria ls
M iconazole and ketoconazole were obtained from  Janssen Pharmaceuticals 
(Wantage, Oxon). a-Naphthoflavone, 3-naphthoflavone, benzo(a)pyrene, 
c lo trim azo le , im idazole, testosterone, androstenedione, ergosterol, lanosterol, 
cholesterol, metyrapone, p -ch lo ro -N -m ethy lan iline , trans-cinnam ic acid, and 
^ 6 "^ 2 2  saturated fa tty  acids were from  Sigma Chemical Co. L td . (Poole, Dorset). 
A n iline -H C l, N ,N -d im ethy lan iline , naphthalene, 1-methylnaphthalene, methanol, 
ethanol, d im ethylform am ide (Spectrosol grade, DMF), dimethylsulphoxide (DMSG), 
benzene and biphenyl were purchased from  B ritish  Drug Houses L td . (Poole, 
Dorset). Toluene, p -, o -, and m-xylenes, n-propyl, bu ty l, pentyl, hexyl and heptyl 
benzenes were obtained from  A ldrich  Chemical Co. L td . (G illingham , Dorset). 
Benzphetam ine-HCl was from  Upjohn Chemical Co. (Kalamazoo, M ichigan, 
U.S.A.), 7-e thoxy- and 7-pentoxy-resorufins were from  Molecular Probes (Junction 
C ity , Oregon, U.S.A.), 9 -hydroxye llip tic ine  was a generous g if t  from  my colleague. 
D r. Costas loannides.
3.3 Methods
3.3.1 M icrosomal Preparation:
Avocado mesocarp m icrosomal fractions were prepared using PEG and 
22,000 g centrifugation  as described in 2.3.1(a) and 2.3.3(a). M icrosomal fractions 
were pooled and washed as described in section 2.3.2.
3.3.2 Cytochrome P-450:
Cytochrome P-450 was assayed as detailed in section 2.3.4(a).
3.3.3 Protein Determ ination
Protein was estimated according to the method in section 2.3.9.
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3.3.4 Measurement o f Ligand-Induced Binding Spectra
Type I and type II ligand binding studies were based on the method o f 
Schenkman et al. (1967). M icrosomal suspension (1 m l) in 0.1 M potassium 
phosphate bu ffe r, pH 7.4, (usually containing 0.5-1.0 nmol P-450) was added to 
each of two 1 m l masked cuvettes and placed in the therm ostatted (25°C) housing 
o f a Varian 2200 Split beam spectrophotom eter. A fte r  tem perature equ ilibration , a 
corrected baseline was recorded between 350 and 500 nm. Ligand was added to the 
sample cuvette  followed by an equal volume o f solvent (in which the ligand was 
dissolved) to the reference cuvette . The cuvette  contents were gently s tirred  and 
the d iffe rence spectrum between 350 and 500 nm was rep e titive ly  scanned un til 
equilibrium  (i.e. no fu rthe r development in the d ifference spectrum). This 
procedure was repeated in a stepwise fashion u n til fu rthe r addition o f the ligand 
fa iled  to produce fu rth e r changes in the spectrum.
In some instances, the ligand being added was found to be 'op tica lly  active ' 
w ith in  the wavelength range studied. When this was apparent, spectral t itra tio n s  
were performed using tandem cuvettes (0.45 cm lig h t path fo r each pa rtition ). A 
1  m l sample o f m icrosomal suspension was placed in one p a rtition  o f each ce ll and 
an equal volume o f m icrosomal suspension bu ffe r placed in the other pa rtit io n  of 
each ce ll. During the course o f the t it ra t io n , aliquots o f ligand were added to the 
sample ce ll and the bu ffe r com partm ent o f the reference ce ll, equal aliquots o f 
solvent being added to the other pa rtition  o f each ce ll. The spectrum was then 
recorded as previously described.
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Figure 3.5 Structures of some compounds tested for their ability 
to elicit binding spectra with avocado mesocarp 
cytochrome P-450
-129-
CH-
HO
9-hydroxyellipticine
O
o<-naphthoflavone
C H .
C ** c 
uo
C H .
metyrapone
Figure 3.5 continued
—130“
clotrimazole
,CI
CH
N N — C —— CH3
v _ y
ketoconazole
O — CH
Cl
miconazole
Cl
Figure 3.5 continued
- 1 3 1 -
3.4 Results
A wide varie ty o f compounds (structures are given in Figure 3.5) were 
examined fo r the ir a b ility  to in te rac t w ith  avocado mesocarp P-450 and generate 
classical binding spectra. The results of this study are summarised in 
Tables 3.1-3.4. The re levant Figures fo r illus tra tions o f binding spectra are also
•v
indicated in these Tables. Where possible, the apparent spectral dissociation 
constant (K^) and theore tica l maximum peak to trough absorbance change (A A ^ ^ ^ )  
were determined using the Hanes (1932) p lo t, i.e : [s^ was p lo tted  against [sQ /A A  
where is the concentration o f substrate or ligand added and AA is the
absorbance d ifference between the peak and trough o f the spectrum. The slope o f 
the p lo t gives l/'AA^^^^ and the in te rcep t gives the (Figure 3.6). This
p lo t was used because i t  does not give points the unequal weighting obtained in the 
Lineweaver-Burk P lot.
[S] / a A
slope :
intercept iKs/AAmax
 VAAmax
Figure 3.6 Hanes p lot
[s ] is the concentration o f substrate or ligand added, A A the 
absorbance d ifference between 390 and 420 nm, K the apparent 
spectral dissociation constant (substrate/ligand concentration causing 
ha lf maximal spectral change, A A max/2)
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As P-450 concentration was not always the same in each assay, the is given in
term s o f per nmol P-450. For any pa rticu la r type I substrate, the percentage 
P-450 bound to substrate was calculated using the maximal AA^^^ observed 
a fte r the addition o f saturating substrate and the m olar absorption co e ffic ie n t o f 
1.26 X 10^ l i t re  m o l"^  cm~^ fo r the resulting increase in high spin P-450 (C in ti et 
a l., 1979; Tamburini, 1982). The value obtained should be viewed w ith  some 
caution as i t  assumes tha t substrate does not bind to P-450 already in the high spin 
fo rm . However i t  may serve as some indication o f the frac tion  o f to ta l P-450 
binding to the substrate. The apparent value is ind ica tive  o f the a ff in ity  o f the 
P-450 fo r the substrate, but is only 'apparent' due in part to the membrane-bound 
nature o f P-450. is a function o f the substrate's a b ility  to perturb the
P-450 spin equ ilibrium . In the event o f spectral binding, i t  was not always possible 
to perform  spectral titra tio n s . O ften saturation w ith  substrate was achieved 
w ith in  the f irs t  additions. This could sometimes be circum vented by decreasing the 
stock substrate concentration. However, i f  the observed was very sm all,
the tu rb id ity  o f the avocado m icrosomal suspension did not pe rm it moving to an 
increased spectrophotom eter sensitiv ity  setting.
O f the compounds detailed in Table 3.1 (many o f which are known
mammalian P-450 substrates) only an iline -H C l, p -ch lo ro -N -m e thy lan iline ,
N ,N -d im ethylan iline , DMF, ethanol and methanol produced binding spectra w ith
avocado mesocarp P-450. Aniline gave a type II spectrum, typ ica l o f nitrogenous
bases, however, the N-substituted aniline derivatives gave rise to type I spectra l
changes. trans-C innam ic acid, a known P-450 substrate in some plant tissues, only
gave a very weak type I spectrum w ith  the avocado P-450. Spectral t it ra t io n  o f
this compound was impossible because saturation was achieved a fte r  a single
addition o f substrate and the AA observed was less than 0.005 absorbance units.max
Of the solvents, DMSG was the only compound not to give a binding 
spectrum. Thus this was used as the preferred solvent fo r many o f the compounds 
tested. Ethanol and methanol, typ ica lly  gave reverse type I spectral in te ractions
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Figure 3.7 Type II d iffe rence spectrum given by 16 mM aniline w ith
m icrosomal suspension from  avocado mesocarp
, - lP-450 and p ro te in  concentrations were 0.62 nmol m l” and
1.38 mg m l” respective ly.
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Figure 3.8 Type I d iffe rence spectrum given by 0.88 mM p-ch lo ro -N -
m ethyl aniline w ith  m icrosomal suspension from  avocado 
mesocarp
P-450 and p ro te in  concentrations
1.38 mg m l respective ly.
were 0.62 nmol m l-1 and
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Figure 3.9 Type I d iffe rence spectrum given by 1.6 mM N ,N -d im e thy l
aniline w ith  m icrosomal suspension from  avocado mesocarp
P-450 and p ro te in  concentrations were 0.64 nmol m l
1.38 mg m l respective ly.
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Figure 3.10 Type I d iffe rence spectrum given by 36 mM toluene w ith
m icrosomal suspension from  avocado mesocarp
, - lP-450 and p ro te in  concentrations were 0.83 nmol m l and 
2 .7 i  mg m l” respective ly.
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although these were weak. Benzene (Table 3.2) was unable to bring about any 
spectral change w ith  avocado P-450. However, type I spectra were observed w ith  
disubstituted benzenes (o, m, and p-xylenes) and n -a lky l substituted benzenes w ith  
side chains up to six carbon atonns long; n -hep ty l and n -o c ty l benzene fa iled  to 
evoke binding spectra. The b icyc lic  naphthalene and the po lycyc lic  arom atic 
hydrocarbon benzo(a)pyrene gave no h in t o f spectral binding. Substitution of 
naphthalene w ith  a po ten tia lly  accessible m ethyl group also fa iled  to give spectral 
evidence o f binding.
Table 3.3 summarises the a b ility  o f a series o f saturated s tra igh t chain 
fa tty  acids (C ^-C ^^) to in te rac t spectra lly w ith  avocado P-450. F a tty  acids, 
greater than six and less than 15 carbons in length produced type I spectral 
changes. The data presented here does not lend its e lf to s ta tis tica l analysis, 
however there appears to be a trend o f increasing AA and % P-450 bound w ith  
increasing chain length which peaks a t dodecanoic (lauric acid) and fa lls  o f f  rapid ly 
to no spectral binding at a ll fo r pentadecanoic acid. Dodecanoic acid along w ith  
tridecanoic acid has a value (340 pM) approxim ately ha lf those o f the shorter 
chain acids; however, the significance, i f  any, o f this d ifference is unknown.
Seven known mammalian P-450 inh ib itors were examined fo r  th e ir  a b ility  
to give binding spectra w ith  avocado P-450 (Table 3.4). W ith the exception o f a- 
and 3 -naphthoflavones, which exhibited no binding spectra, a ll compounds gave 
type II spectra. C lo trim azole , ketoconazole, m iconazole, metyrapone and 
9 -hydroxye llip tic ine  a ll possess accessible nitrogen lone electron pairs typ ica l o f 
many type II substrates. The values (of the order o f 1 pM) found fo r 
c lo trim azo le , ketoconazole, miconazole and metyrapone were m arkedly (two orders 
o f magnitude) lower than the values found fo r other compounds studied. 
9 -H ydroxye llip tic ine  gave a somewhat a typ ica l binding spectrum having a shoulder 
a t 424 nm ra ther than a maximum. However, th is was s im ila r to the spectra l 
change given by this compound w ith  hepatic microsomes o f untreated ra ts.
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Figure 3.11 Type I d iffe rence spectrum given by 34 mM o-xylene w ith
microsomal suspensions from  avocado mesocarp 
P-450 and p ro te in , - lI  concentrations were 0.83 nmol m l"  and 
2.71 mg m l” respective ly. Spectra given by m - and p-xylenes 
were s im ila r.
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Figure 3.12 Type I d iffe rence spectrum given by 21 mM hexylbenzene w ith  
m icrosomal suspension from  avocado mesocarp
P-450 and prote in concentrations were 0.75 nmol m l ^ and 
6.7 mg m l" respective ly. Spectra given by o ther a lky l 
benzenes were s im ila rly  type I.
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Figure 3.13 Type I d iffe rence spectrum given by 1.2 mM dodecanoic (lauric) 
acid w ith  m icrosomal suspension from  avocado mesocarp
P-450 and p ro te in  concentrations were 0.64 nmol m l 
1.38 mg m l" respective ly. Spectra obtained w ith  
fa tty  acids were s im ila rly  type I.
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Figure 3.14 Type II d iffe rence spectrum given by 3.2 pM c lo trim azo le  w ith  
microsomal suspension from  avocado mesocarp
-1 andP-450 and p ro te in  concentrations were 0.62 nmol m l
1.38 mg m l” respective ly. Spectra obtained w ith  m iconazole 
and ketoconazole as ligands were s im ila r.
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Figure 3.15 Type II d ifference spectrum given by 18 mM metyrapone w ith  
microsomal suspension from  avocado mesocarp.
P-450 and prote in concentrations were 0.64 nmol P-450 m l 
and 1.38 mg m l" respective ly.
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Figure 3.16 D iffe rence spectrum given by 40 pM 9-hyd roxye liip tic ine  w ith  
m icrosomal suspension from  avocado mesocarp
P-450 and p ro te in  concentrations were 0.64 nmol m l” ^ and
1.38 mg m l" respective ly. A s im ila r spectrum, questionably a 
type II, was observed w ith  ra t live r microsomes.
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The d ifference spectra produced by metyrapone, c lo trim azo le , m iconazole 
and ketoconazole w ith  microsomes previously reduced by sodium d ith ion ite  were 
investigated. Of these compounds only metyrapone showed the a b ility  to give a 
spectral peak (Figure 3.17). This peak was s im ila r to the one expected i f  CO had 
been used as ligand instead o f metyrapone except tha t the peak seen was a t 440 nm 
instead o f 448 nm. The bubbling o f CO through the sample cuvette  led to the 
displacement o f th is peak to 448 nm. The 440 nm and 448 nm peaks observed were 
approxim ately the same height as tha t expected fo r the d ith ion ite-reduced CO 
d ifference spectra in the absence of metyrapone. Metyrapone, c lo trim azo le , 
m iconazole and ketoconazole were added to m icrosomal suspension in the sample 
cuvette , p rio r to reduction o f both cuvettes w ith  sodium d ith ion ite . CO was then 
bubbled through the sample cuvette . In a ll cases a 448 nm peak was observed, 
which increased in height on rescanning at 1 min in tervals. W ithin the scanning 
tim e used (up to six minutes) CO showed nearly complete displacement of 
metyrapone (Figure 3.18) but only pa rtia l displacement o f the other compounds.
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Figure 3.17 Displacement o f metyrapone by carbon monoxide
The d iffe rence spectrum o f ^ metyrapone w ith  d ith ion ite  reduced
avocado mesocarp microsomes is shown by —#-------# e -
w ith  an absorbance maximum at 440 nm. Displacment o f
metyrapone by CO is shown by _____________ w ith  a
sh ift o f peak to 448 nm.
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Figure 3.18 Time study on the displacement o f metyrapone binding by CO
The type II d ifference spectrum given by "^metyrapone w ith  
avocado mesocarp m icrosom al suspension is shown by 
0  0  0 -- . A fte r  reduction o f microsomes w ith
d ith ion ite  and bubbling o f CO through the sample cuvette , scans 
were carried out a t 1 m inute in terva ls. The broken line
 -----------------  shows the changing spectral patterns a t 1,3
and 5 m inutes, the solid line -------------------  shows the 2,4 and
6  m inute profiles.
*  20
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3.5 Discussion
Spectral Interactions o f Various Compounds w ith  Avocado Mesocarp M icrosomal 
P-450
Nearly a ll compounds used in th is study are capable o f e lic itin g  classic 
binding spectra w ith  mammalian P-450. Avocado mesocarp P-450 was found to 
in te rac t w ith  p -ch lo ro -N -m e thy lan iline , N ,N -d im ethylan iline , trans-cinnam ic acid, 
C 7 -C 1 4  s tra igh t chain saturated fa tty  acids, C ^-C ^ n-alkylbenzenes, and
0,m,p-xylenes to produce type 1 spectra. An iline , c lo trim azo le , m iconazole, 
ketoconazole, metyrapone, 9 -hydroxye llip tic ine  gave type II spectra. Ethanol and 
methanol gave reverse type 1 spectral changes. The avocado mesocarp P-450 was 
unable to in te ra c t spectra lly w ith  a number o f typ ica l mammalian P-450 (type 1 
binding) substrates, namely benzphetamine, 7-ethoxyresorufin, 7-pentoxyresorufin, 
biphenyl, certa in  steroids, benzene, selected po lycyclic  arom atic hydrocarbons and 
a - and g-naphthoflavones. These findings illu s tra te  tha t in comparison w ith  the 
system in mammalian live r, the avocado mesocarp P-450 shows more se lec tiv ity ,
1.e. less ve rsa tility .
Spectral Interactions w ith  An iline and Some o f its  Derivatives
The type 11 spectrum given by aniline is typ ica l o f the in te rac tion  o f 
nitrogenous bases w ith  P-450 haem iron, and s im ila r spectral changes have been 
seen on the addition o f th is compound to microsomes prepared from  cau liflow e r 
(Rich and Bendall, 1975) and tu lip  bulb (Rich e t W., 1975). The apparent found 
fo r the type 1 1  in te raction  o f aniline w ith  ra t liv e r microsomes was found to be o f 
the order o f 100 pM (Schenkman et ^ . ,  1967; Schenkman, 1970); the fo r  aniline 
w ith  avocado mesocarp P-450 was o f a s im ila r order. In ra t live r microsomes, 
aniline is p-hydroxylated by a P-450- dependent hydroxylase. A type 1 spectra l 
change is im plica ted as the spectral m anifestation o f the substrate-enzym e 
complex (Schenkman et W., 1967); therefore aniline must presumably have a type 1  
binding component and this has been demonstrated. Schenkman (1970) noted th a t
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the type II binding spectrum given by aniline w ith  ra t live r microsomes was seen
not to exh ib it the sym metry given by basic amines (e.g. octylam ine) w ith
ferrihaemochromes, in tha t the 390 nm trough broadens and is spread out between
390 nm and 410 nm. The addition o f a type I m od ifie r such as hexabarbita l to both
sample and reference cuvettes removed the asymmetry o f the trough and
Schenkman (1970) proposed tha t the broad trough could be construed as a
combination o f type I and type II spectral changes. Gorrod and Temple (1974)
showed the presence o f the aniline type I component d irec tly  by the addition o f
im idazole, a strong type II m od ifie r. This resulted in a small spectra l change
resembling tha t o f a type I. Jefcoate et al. (1974) have indicated tha t two type II
in teractions can take place. Basic amines can bind to both high and low spin form s
of P-450 to produce d is tinc t types Ila  and b (X ^_^  425 nm, 390 nm; A___
iTiaX rTiin nriax
432 nm, A 410 nm respectively). Thus the trough broadening o f the aniline 
spectrum may be due to a m ixture  o f binding both low and high spin P-450. The 
asymmetry and trough broadening o f the aniline-avocado mesocarp P-450 spectrum 
is not pronounced and m od ifie r studies using ketoconazole (a type II ligand) did not 
provide evidence o f an aniline type I component. Whether aniline has a type I 
binding component w ith  avocado P-450, and thus the po tentia l to be metabolised, 
remains uncertain.
In contrast to aniline, such derivatives as p -ch lo ro -N -m e thy lan iline  and 
N ,N -d im ethylan iline  gave rise to type I spectral changes w ith  avocado mesocarp 
P-450. Gorrod and Temple (1974) have demonstrated th a t aniline and 
N -e thy lan iline  possess type I and type II components. This may be so fo r a ll 
a lky l-an iline  derivatives but the spectral change predominating depends on the 
N -a lky l substituent, the steric  hindrance to the nitrogen lone electron pair and thus 
th e ir accessib ility fo r haem ligation. The greater the ste ric  hindrance, the sm aller 
the type II in te rac tion , u n til only a type I spectrum is observed (Temple, 1971). 
Whether an N -a lky l aniline gives a type I or II spectrum also varies between 
species, thus N -e thy lan iline  has been observed to give both type I and II spectra
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from  d iffe re n t animals (Temple, 1971). p -C h lo ro -N -m ethy lan iline  (type I substrate 
in avocado mesocarp microsome) gave a type II spectrum w ith  mouse hepatic 
microsomes (Mailman et al., 1974), and a type Ila in house f ly  abdominal 
microsomes (Kulkarn i e t al., 1974).
Type I Spectral In te raction  o f trans-C innam ic Acid
The type I spectral in te raction  o f trans-cinnam ic acid w ith  the avocado 
mesocarp P-450 was very weak and in some preparations was barely detectable. 
This is in contrast w ith  the re la tive ly  strong type I spectra obtained w ith  the same 
substrate in Jerusalem artichoke (Benveniste and Durst, 1974) and potato tuber 
(Rich and Lamb, 1977). However, both these tissues underwent the washing or 
'aging' process before m icrosomal preparation which led to an induction o f P-450 
and more specifica lly  the P-450 responsible fo r cinnamic acid 4-hydroxylase 
a c tiv ity . Evidently the avocado mesocarp P-450 has l i t t le  a f f in ity  fo r cinnam ic 
acid, or, more like ly , only a low percentage o f the to ta l P-450 present is specific  
fo r cinnamic acid.
Spectral Interactions w ith  A ry l Hydrocarbons and S tra ight Chain F a tty  Acids
Both the ary l hydrocarbons and the stra igh t chain fa tty  acids showed tha t 
the a b ility  o f compounds to e lic it  type I in teractions was res tr ic ted  by chain 
length. Benzene (side chain zero) was unable to cause a type I spectra l change, 
however, a lky l benzenes (C^ up to C^) could. I t  seemed anomalous th a t the 
(hexanoic) fa tty  acid did not show any evidence o f binding whereas acids
did. However, i f  hexanoic (C^) acid assumed a conform ation o f an unclosed ring 
s im ila r in some dimensions to benzene, the s im ila r non-binding properties o f these 
two compounds m ight be explained. Heptanoic acid could also form  an unclosed 
6  carbon ring w ith in  the hydrophobic environment a t the P-450 c le ft ,  w ith  the 
carboxyl group o f the acid acting as a 'ring substituent'. In th is way heptanoic acid 
may hold some dimensions o f toluene. S im ila rly , octanoic acid may re la te  to e thy l
—1 5 1 -
benzene, nonanoic acid to propyl benzene, decanoic acid to butyl benzene, and 
dodecanoic acid to hexyl benzene (see below).
benzene
C O O H
hexanoic acid
toluene
• C O O H
heptanoic acid
‘C O O H
hexyl benzene dodecanoic acid (lauric  acid)
To explain the a b ility  o f tridecanoic acid to bind to the avocado mesocarp P-450, 
the conform ation o f o-xylene should be considered. I f  tridecanoic acid was 
oriented w ith  a 6 carbon unclosed ring w ith  the permissible 6 carbon side chain (as 
in dodecanoic acid and hexyl benzene) and then 'ortho' to this side chain, a m ethyl 
group, the th irteen  carbons of th is acid would be accommodated. Likew ise, w ith  an 
'ortho ' e thyl group, the fourteen carbons of tetradecanoic acid would also be 
accommodated (see structures over page).
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'o '-xylene
C O O H
tridecanoic acid
C O O H
tetradecanoic acid
W ith and longer fa tty  acids, s te ric  hindrance m ight build up between the 
'ortho* groups, thus preventing binding to any s ign ifican t extent.
In te resting ly, a computer graphic diagram (generously provided by 
Dr. D.F.V. Lewis) o f dodecanoic acid in its  lowest energy optim ised geom etry in 
free space, s trik ing ly  resembles the predicted conform ation fo r  th is compound^ 
c f. Figure 3.19i w ith  that on page 151 *
The fa tty  acid composition of the avocado mesocarp is rich  in p a lm itic  and 
unsaturated ole ic, pa lm ito le ic  and lino le ic  fa tty  acids m ainly in the fo rm  of 
trig lycerides (see Table 4.1). There are trace amounts o f medium chain fa tty  
acids such as dodecanoic (lauric) acid despite the avocado being assigned to the 
fam ily  Lauraceae. One explanation as to why the longer chain fa tty  acids fa il to 
give spectral in teractions in v itro  w ith  the avocado P-450 is the low so lub ility  of 
these long chain fa tty  acids in the aqueous phase of the m icrosom al suspension. 
Compounds may have p rec ip ita ted  out o f solution and not been available to
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in te rac t w ith  the lipoprote in  phase o f the m icrosomal membranous environment. 
A lte rna tive ly , non-specific binding o f these fa tty  acids to m icrosomal proteins may 
have also prevented in te raction  w ith  P-450. However, no spectral changes were 
observed even a t high concentrations o f these fa tty  acids. Th ird ly , the avocado 
mesocarp P-450 may already bind s im ila r endogenous fa tty  acids and exchange 
w ith  exogenous substrate would lead to no fu ther net perturbation in spin state o f 
the haem. However, these explanations do not appear as a ttra c tiv e  as tha t 
involving conform ation o f fa tty  acids.
Computer Graphic Studies on F a tty  Acids
Computer graphics o f decanoic and tetradecanoic acids in th e ir lowest 
energy optim ized geometry in free space (Figure 3.19 i i i  and iv) match up w ith  
(i.e. overlay) tha t o f lauric  acid almost exactly. I t  is possible tha t w ith in  the 
environment o f the hydrophobic pocket o f the P-450 apo-prote in, octanoic acid (ii) 
many be flex ib le  enough to assume a s im ila r conform ation. The unsaturated 
pa lm ito le ic  (vi) and lino le ic  (ix) acids (abundant in the fru its  mesocarp) and oleic 
(v iii)  and lino lenic (x) acids do not overlay lauric  acid. This opening up involves 
double bond r ig id ity . In a p ilo t study, o leic and arachidonic acids were found not to 
produce binding spectra w ith  avocado P-450, although these acids and lino le ic  and 
linolenic acids are reported to give type I binding spectra w ith  ra t liv e r m icrosom al 
P-450 (Di Augustine and Fouts, 1969). The geometries o f pa lm itic  (v), stearic (v ii) 
and arachidonic (xi) acids do overlay tha t o f lauric  acid and on th is basis m ight be 
expected to give binding spectra w ith  avocado P-450. However, th is was not found 
experim entally and re flec ts  tha t the geometries given are those predicted in free 
space (i.e. in what m ight be considered an in fin ite ly  d ilu te  solution). I t  is possible 
tha t w ith in  the environment o f the P-450 pocket, the lengthening o f the 'ortho ' 
chain may increase hydrophobic in te raction  w ith  amino acid residues o f the 
apoprote in. These in teractions w ill,  in tu rn , in fluence the region o f bond stra in  
(the 'hairpin ') and thus dim inish or even prevent binding a t the active centre. This
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i. lauric acid
ii. octanoic acid
- %
iii. decanoic acid
iv. tetradecanoic acid
Figure 3.19 Three dimensional computer graphie 
diagrams of various fatty acid 
molecules. (Optimised configurations 
in free space).
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V .  palmitic acid
vi. palmitoleic acid
vii. stearic acid
viii. oleic acid
Figure 3.19 Continued
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O o
ix. linoleic acid
X .  l i n o l e n i c  a c i d
x i .  a r a c h i d o n i c  a c i d
Figure 3.19 Continued
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phenomenon would thus explain why the binding o f and, even more fa tty  
acids are diminished w ith  respect to C j | ^ 2 ^nd fa tty  acids o f f ifte e n  carbons or more 
gave no evidence o f binding. I t  also indicates tha t computer graphics can generate 
three dimensional structures which may prove useful as substrate models, but 
which must be used w ith  some caution.
Further Spectral Studies
Naphthalene and benzo(a)pyrene are known to give type I spectra l changes 
w ith  mammalian P-450s (Schenkman et al., 1981). The absence o f s im ila r spectral 
changes w ith  the avocado mesocarp microsomes would appear to indicate th a t the 
avocado P-450 type I binding site is unable to accommodate these re la tive ly  large 
rig id  planar molecules and favours molecules w ith  less steric  bulk. In th is respect, 
the avocado does not resemble the 3-methylcholanthrene inducible mammalian 
P-450 responsible fo r metabolism o f po lycyclic  arom atic hydrocarbons, the so 
called P-448. This could also explain the non-binding o f a-naphthoflavone and
3-naphthoflavone which are known to give type I binding spectra w ith  mammalian 
m icrosomal fractions (Schenkman et a l., 1981). a-Naphthoflavone is a known 
inh ib ito r o f po lycyclic arom atic hydrocarbon-induced P-450, displaying com petitive  
inh ib ition  fo r the active s ite o f the enzyme (Testa and Jenner, 1981).
The type II spectra given by c lo trim azo le , ketoconazole and miconazole 
w ith  avocado mesocarp microsomes gave values in the order o f 1 pM, and are 
comparable to the values obtained w ith  ra t liv e r microsomes (Rodrigues e t a l., 
1987, in press). Low values would be expected fo r compounds showing strong 
P-450 inh ib ito ry  properties. These im idazole compounds are w e ll known 
an ti-funga l agents. Their a n ti-m yco tic  properties are based on th e ir a b ility  to 
in te rfe re  w ith  yeast and fungal ergosterol biosynthesis (Vanden Bossche, 1985) and 
in pa rticu la r to bring about the inh ib ition  o f the P-450 dependent lanosterol 
14a-demethylase system (Yoshida and Aoyama, 1987). In the mammalian system, 
these agents are found to be highly potent broad spectrum P-450 inh ib ito rs .
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in te rfe ring  not only w ith  steroid metabolism (Sheets et al., 1986) but also 
mono-oxygenation o f drugs (Niemegeers et a l., 1981; M eredith e t al., 1985). In 
view o f th e ir low values and high a ff in ity  towards the avocado mesocarp P-450, 
and th e ir broad capacity and high potency to in h ib it a va rie ty  o f mono-oxygenase 
a c tiv itie s  in other organisms, these compounds may prove useful as probes fo r 
determ ining whether a reaction involves P-450. This possib ility  is pursued in the 
fo llow ing chapter.
Metyrapone, a pyridine deriva tive , was found to produce a type II spectral 
change w ith  avocado mesocarp P-450. This was in agreement w ith  the findings o f 
Markham (1976). However, the found fo r metyrapone in th is study was three 
orders o f magnitude lower and o f the same order as the found fo r the antifungal 
compounds. Metyrapone is a potent type II compound in ra t liv e r  microsomes but is 
found to be a stronger ligand fo r phenobarbita l-inducible form s o f P-450 than fo r 
the forms inducible by po lycyclic aryl hydrocarbons. Its selective inh ib ito ry  action 
o f some mono-oxygenase ac tiv itie s  generally m irrors th is (Testa and Jenner, 1981). 
The metyrapone-reduced P-450 complex was in it ia lly  believed to be a specific 
method fo r determ ination o f the phenobarbita l-inducible form  o f ra t hepatic 
m icrosomal P-450 using A A446-490 nm m olar absorption co e ffic ie n t o f 
5.2 X 1 0 ^  l i t re  mol ^ cm ^ (Luu-The e t a l., 1980). The avocado mesocarp P-450 
gave a metyrapone-reduced P-450 d iffe rence spectral peak, thus i t  m ight be 
concluded tha t a t least part o f th is p lant P-450 resembles the phenobarbita l- 
inducible form  found in ra t liv e r microsomes. However, the spectral peak given 
w ith  the avocado mesocarp microsomes was a t 440 nm ra ther than the 446 nm as 
found w ith  ra t live r microsomes. In addition, Ivanetich et W. (1982) have shown 
tha t the metyrapone assay fo r the phenobarbita l-inducible P-450 form  in ra t liv e r 
microsomes has its  lim ita tions . I t  is subject to error in the presence o f the m ajor 
pregnenolone-16a-carbonitrile or po lycyclic  hydrocarbon-inducible form s in th a t i t  
is not wholly specific fo r the phenobarbita l-inducible fo rm . 9 -H yd roxye llip tic ine  
gave a weak and atyp ica l type II spectrum w ith  the avocado microsomes and, in
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contrast to metyrapone, 9 -hydroxye llip tic ine  is a potent and selective in h ib ito r o f 
the po lycyclic  ary l hydrocarbon inducible form  o f P-450 in ra t live r (Delaforge et 
al., 1980). Metyrapone and 9-hydroxye llip tic ine  therefore show d iffe re n t inh ib ito ry  
characteris tics towards mammalian P-450s and both bind to the avocado mesocarp 
P-450. Thus these compounds, like  the antifungal agents may prove to be useful 
tools in im p lica ting  the avocado P-450 in the metabolism o f certa in  substrates. In 
addition, any d iffe re n tia l inh ib ito ry  characteris tics may h ighlight any s im ila r ity  o f 
the avocado P-450 to the mammalian phénobarbita l- or po lycyclic  arom atic 
hydrocarbon-inducible form s.
I t  is recognised here tha t even type I compounds may not necessarily be 
metabolised by P-450, however this study has been useful in pinpointing some 
possible substrates fo r the avocado pear mesocarp P-450, namely aniline, p -ch lo ro - 
N -m ethylan iline, N ,N -d im ethylan iline  and certa in  medium chain saturated fa tty  
acids such as lau ric . In addition, in fo rm ation  has been revealed concerning the 
possible nature o f the avocado mesocarp P-450 type I binding site and the 
compounds i t  can accommodate. The spectral indications have been confirm ed in 
subsequent m etabolic studies.
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CHAPTER 4
SUBSTRATE SPECIFICITY STUDIES
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4.1 Introduction
The remarkable feature o f the mammalian hepatic m icrosomal P-450 system 
is its  a b ility  to metabolise many d iffe re n t substrates (Guengerich, 1979; Lu and 
West, 1980; Guengerich et W., 1982; Bresnick et a l., 1984). These substrates 
include endogenous steroids, fa tty  acids and prostaglandins as w e ll as a d ivers ity  o f 
exogenous substances. As explained earlie r (1.1), th is a b ility  to metabolise so many 
s truc tu ra lly  diverse compounds arises from  the existence o f m u ltip le  P-450 forms 
w ith  d iffe ring  but overlapping substrate specific ities . In comparison, known 
substrates fo r higher p lant P-450 systems are generally endogenous and few in 
number. There is some evidence (mainly ind irect) suggesting tha t m u ltip le  forms 
o f P-450 also exist in higher plants, each form  being re la tive ly  specific . Thus, in 
th is respect, the p lant system resembles those o f mammalian tissues other than the 
live r. Plants do have the capability  to metabolise some foreign substances, but the 
mechanisms by which they are metabolised are often uncertain although P-450 has 
been im plicated in some instances. The work described in th is present study 
involved examining the a b ility  o f the avocado mesocarp m icrosomal frac tion  to 
metabolise selected compounds. I f  metabolism is observed, is P-450 im p lica ted  in 
the reaction?
The selected compounds fo r m etabolic study;
(i) 'Model Substrates'
Benzo(a)pyrene, benzphetamine, biphenyl, 7-e thoxyresorufin  and 
7-pentoxyresorufin are readily metabolised by the mammalian hepatic m icrosom al 
P-450 systems. These substrates may be divided in two groups, those th a t are 
p re fe ren tia lly  and p rim arily  metabolised by the m ajor phenobarbita l-inducib le form  
and those tha t are p re fe ren tia lly  metabolised by the m ajor po lycyc lic  arom atic 
hydrocarbon-inducible fo rm . This la tte r  form  gives a peak a t 448 nm in the CO 
difference spectrum in the reduced state and is often re fe rred  to as P-448. I t  must 
be stressed tha t th is is a s im p lis tic  approach and the substrate sp e c ific ity  o f the
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various P-450 forms are not necessarily so clear cut. Spectrally, the avocado 
mesocarp P-450 resembles the P-448 haemoprotein (Figure 2.1) and i t  was o f 
in te rest, therefore , to investigate any fu rthe r resemblance in term s o f substrate 
spec ific ity .
Benzo(a)pyrene is metabolised by the mammalian and yeast m icrosomal 
P-450 systems to fo rm , via epoxide in term ediates, various phenolic and dihydrodiol 
m etabolites (Gelboin, 1980; Wiseman and Woods, 1979). A t one tim e, the most 
w idely used index o f the po lycyclic arom atic hydrocarbon-inducible P-448 a c tiv ity  
was the fluo rom etric  determ ination o f benzo(a)pyrene-3-hydroxylation (the aryl 
hydrocarbon hydroxylase assay). However, as detailed by Phillipson e t W. (1984), 
th is assay re fle c ts  the a c tiv ity  o f many form s o f the haemoprotein and is not 
specific fo r P-448.
Benzphetamine is a substrate readily N -dem ethylated by the liv e r 
m icrosomal P-450 system and is a preferred substrate fo r the m ajor phenobarbita l- 
inducible P-450 form  (Haugen, 1981; Lu et a l., 1972). Biphenyl is a model substrate 
fo r P-450 catalysed arom atic hydroxylation reactions. I t  can be metabolised by 
several routes. The major m etabolite is the 4-hydroxylated fo rm  w ith  the 2-and
3-hydroxylated products form ing m inor and very m inor m etabolites respective ly 
(Haugen, 1981). However, the contribu tion made by each pathway to the to ta l 
m etabolite pattern  depends on the source o f the microsomes used (B illings and 
McMahon, 1978; Burke and Prough, 1977; Burke and Mayer, 1975). P re trea tm ent o f 
animals w ith  phénobarbital p re fe ren tia lly  induces the fo rm ation  o f the
4-hydroxy m etabolite  whereas the p re trea tm ent w ith  po lycyc lic  arom atic 
hydrocarbons induces 2- and 3-hydroxybiphenyl fo rm ation . The G -dealkyla tion o f 
ethoxy- and pentoxy-resorufin is carried out by d iffe re n t P-450 form s. The 
ethoxyresorufin fa lls  in to the P-448 substrate category whereas as 
pentoxyresorufin is a P-450 substrate (Burke and Mayer, 1983).
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( ii)  An iline  and its  derivatives, p -ch lo ro -N -m ethy lan iline  (PCMA) and
N ,N -d im ethylan iline  (DMA)
I t  was demonstrated (Figures 3.7, 3.8 and 3.9) tha t the arom atic amine aniline 
and its  derivatives, p-ch lo ro -N -m ethy lan iline  (PCMA) and dim ethylaniline (DMA) 
e lic ited  classical P-450 binding spectra when added to avocado mesocarp 
microsomes. An iline generated a type II spectral change whereas the la tte r  two 
compounds gave type I spectral changes. The occurrence o f a type I binding 
spectrum is thought ind ica tive  o f P-450-substrate complex fo rm ation . On this 
premise the metabolism o f PCMA and DMA by the avocado mesocarp m icrosomal 
P-450 was investigated. Although aniline generated a type II spectrum, this 
compound is a known mammalian P-450 substrate and thus its  possible metabolism 
by the avocado mesocarp microsome system was also studied.
In the mammalian hepatic m icrosomal system, two membrane bound 
monooxygenases are responsible fo r the catalysis o f the oxidative metabolism o f a 
varie ty o f nitrogenous compounds. These are the FAD-monooxygenase (Z ieg ler and 
M itche ll, 1972) and the cytochrome P-450 dependent oxygenase (see review by 
H lavica, 1982). The substrate spec ific ities  o f these two m icrosomal 
monooxygenases are not precisely defined, however Gorrod (1973) has provided a 
general d iffe re n tia tio n  in tha t basic amines (pKa 9-11) are the preferred substrates 
fo r the FAD-monooxygenase and the non-basic nitrogen-conta in ing compounds 
(pKa < 1) are preferred substrates fo r the cytochrome P-450 system. This 
d iffe ren tia tio n  based on substrate pKa is only an approximate guide and exceptions 
exist (see H lavica, 1982). According to the Gorrod scheme, the substrates aniline, 
PCMA and DMA (pKa 1-7) fa ll in to the category tha t act as substrates fo r both 
systems.
I t  is believed tha t cytochrome P-450 linked oxidation o f methylam ines occurs 
by oxidative attack on the carbon alpha to the nitrogen. The in it ia l product, the 
am inocarbinol, is unstable and decomposes to give an aldehyde and the dealkylated 
amine (Figure 4.1). Cn the other hand, the FAD-monooxygenase catalyses the
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oxidation o f te rt ia ry  amines (such as DMA) to amine oxides and secondary amines 
(such as PCMA) to N ,N -d isubstitu ted hydroxylamines.
The amine oxide (Figure 4.1(ii)) formed from  the te rtia ry  amine (i) is fa ir ly  
stable, however, the N ,N -d isubstitu ted hydroxylam ine ( iii)  is readily oxidised 
enzym ically and non-enzym ically to give a nitrone (iv). Some nitrones undergo 
im m ediate spontaneous hydrolysis to give an aldehyde (v). Action o f a reductase 
would give the prim ary amine (vi) (Prough and Ziegler, 1977, Z iegler, 1985). Thus, 
oxidation o f secondary N -m ethy lamines (such as PCMA) by FAD-monooxygenase 
can yie ld formaldehyde, a product often assumed to arise from  a P-450-dependent 
amine oxidation. In addition, i f  both membrane bound enzymes are present, P-450 
could be responsible fo r N -dem ethylation o f DMA, and the secondary amine 
product may undergo a fu rthe r N -dem ethylation involving P-450 or undergo 
N -oxidation by the FAD-monooxygenase, both reactions giving iden tica l fina l 
products.
A number o f N -dea lky la tion reactions o f xenobiotics are known to occur in 
higher plants in vivo (see review by Dohn and K rieger, 1981). M icrosomal 
N-demethylase systems have been demonstrated in a number o f higher p lant tissues 
(Frear e t al., 1969; Tanaka et ^ . ,  1972b; Young and Beevers, 1976; Benveniste et 
W., 1982a; and Dohn and Krieger, 1984), and in some cases the involvem ent o f 
P-450 was c learly  shown (1.3.2). A non-P-450 N -oxidation reaction has been 
reported in m icrosomal fractions o f e tio la ted Sorghum (M ille r  and Conn, 1978). 
These workers demonstrated an NADPH- and oxygen-dependent N -hydroxyla tion o f 
tyrosine during the biosynthesis o f dhurrin; the reaction was not a ffec ted  by P-450 
inh ib itors. There has also been a report o f m vivo conversion o f some N -m ethy l 
carbamates in plants to conjugates o f N-hydroxym ethylcarbam ates where the free 
N-hydroxym ethylcarbam ates were presumed in term ediates (Kurh and Casida, 
1967).
In the present studies, the metabolism o f both PCMA and DMA was 
monitored by the form ation o f formaldehyde. Whether the avocado mesocarp
m
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Figure 4.1 Pathways fo r N -m ethylam ine metabolism in hepatic
microsomes
Reactions catalysed by
(a) FAD-monooxygenase
(b) P-450
(c) M icrosomal N-hydroxyam ine reductase
(d) S-adenosylmethionine dependent N-methylases
(e) M icrosomal N-oxide reductase
(f) Non-enzym ic hydrolysis
Both (a) and (b) require NADPH and Og 
(Adapted from  Ziegler, 1985)
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microsomal frac tion  contains FAD-monooxygenase as w e ll as P-450 is uncertain. 
Since formaldehyde can arise from  e ithe r route o f metabolism, fu rth e r studies 
employing specific inh ib itors were carried out.
( iii)  Laurie Acid
F a tty  acid metabolism and pa rticu la rly  P-450-linked hydroxylations o f fa tty  
acids have been described earlie r (1.3.1).
The avocado pear is unusual in composition in tha t i t  possesses a high lip id  
content, often up to 30% to ta l f ru it  weight (Table 4.1). This unusually high fa t 
content and the observation tha t medium chain fa tty  acids (C y-C j,^) e lic it  type I 
binding spectra w ith  avocado mesocarp m icrosomal suspension (Table 3.3) has made 
i t  a ttra c tive  to suggest a role fo r the avocado P-450 in fa t metabolism , 
pa rticu la rly  in the hydroxylation o f fa tty  acids.
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Table 4.1 Fatty Acid Composition as Percentage of each 
Lipid Fraction of Avocado Mesocarp (Fuerte)
16:0 16:1 . 18:0
F a tty  Acid 
18:1 18:2 18:3 2 0 : 0 UK
Free fa tty  acid 20.3 9.7 0.4 43.7 22.5 3.0 0.4
Trig lyceride 25.4 7.0 0.5 54.3 12.3 0.5
D iglyceride I 15.0 9.5 45.0 28.0 3.0
D iglyceride II 18.4 3.9 0.7 64.8 1 2 . 2
G iycolip id  I 6.7 2.5 1 . 6 13.1 76.1
Monoglyceride 17.1 7.2 2.7 43.2 24.3 1 . 0 0.9 3.6
G iycolip id II 3.8 2 . 2 1 . 2 1 2 . 8 74.1 6 . 0
Phospholipid 16.9 4.4 3.3 20.5 36.1 9.8 9.0
% Total F a tty  
Acids
13-17 3.0-5.1 t 67-72 1 0 - 1 2 t-1 .5 t
16:0, 16:1, 18:0, 18:1, 18:2, 2:0 and UK represent pa lm itic , pa lm ito le ic , s tearic , o le ic, 
lino le ic , lino len ic, arachidic and unknown fa tty  acids respective ly, t  represents trace 
amount
Free fa tty  acids 0.10% fresh f r t .  w t. 
Trig lycerides 20% fresh f r t .  w t.
% fa t to ta l is up to 30%
Data from  K iku ta  (1968)
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4.2 Materials
[1 -^ ^ C ]Laurie acid (15-30 mCi mmol"^)was obtained from  the Radiochemical 
Centre (Amersham, Bucks.). NADPH, NADP"^, NADH, NAD"'", alcohol 
dehydrogenase, glucose 6 -phosphate and glucose 6 -phosphate dehydrogenase were 
purchased from  the Sigma Chemical Company L td . (Poole, Dorset). Trie thylam ine, 
quinine sulphate, isoamyl alcohol, tripotassium  orthophosphate, phenol, 
p-aminophenol, trich lo roace tic  acid, acetylacetone, g lacia l acetic acid, ammonium 
acetate, semicarbazide hydrochloride, zinc sulphate, barium hydroxide, disodium 
te trabora te , formaldehyde, glycine. Tween, succinic acid and Merck s ilica  gel 60 G 
th in  layer chromatography ( t.l.c .)  plates (20 cm x 20 cm x 0.25 mm) were obtained 
from  British  Drug Houses L td . (Poole, Dorset). 2- and 4-Hydroxy biphenyl 
standards and 3-hydroxybenzo(a)pyrene were g ifts  from  Dr. D.J. K ing. N itrogen, 
oxygen and carbon monoxide were purchased from  the British  Oxygen Company 
(London, SWl). A ll other m ateria ls were obtained as stated in the previous 
chapters or purchased as AR grade from  British Drug Houses L td . (Poole, Dorset).
4.3 Methods
A ll incubations were carried out a t 30°C and subjected to continuous 
ag ita tion.
4.3.1 Benzo(a)pyrene 3-hydroxylase (EC 1.14.14.2)
Benzo(a)pyrene 3-hydroxylase a c tiv ity  was assayed as described by Wiseman 
and Woods (1979). Incubation m ixtures contained 2-3 mg avocado mesocarp 
m icrosomal prote in , 4 mM NADP^, 20 mM glucose 6 -phosphate, 8  U glucose
6 -phosphate dehydrogenase and 6  pM M gCl^ in a 1 m l volume made up w ith  0 . 1  M 
T ris -H C l bu ffe r, pH 7.0. A fte r  a preincubation o f 5 m in, the reaction was in itia te d  
by the addition o f 1 0  pi benzo(a)pyrene in d im ethylform am ide to give a range of 
substrate concentrations (0-316 pM). Reaction m ixtures were incubated fo r a 
fu rth e r 60 min and term ination  was achieved by the addition o f 1  m l ice -co ld
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acetone. P recip ita ted prote in was removed by cen trifuga tion . Supernatant 
(0.6 m i) was added to 1.4 m l 8.5% w /v  trie thy lam ine  in a flu o rim e te r cuvette and 
mixed by inversion. The fluorescence o f the contents o f the cuvette  was scanned 
using a Perk in-E lm er L5-5  fluo rim e te r over an emission wavelength range 
500-560 nm w ith  a fixed exc ita tion  wavelength o f 467 nm, peak fluorescence was 
observed at 520 nm. Blanks were taken through the same procedure a t each 
concentration o f benzo(a)pyrene and contained e ither heat-deactivated (80° fo r 
3 min) microsomes or no NADPH regenerating system. Fluorescence was compared 
w ith  quinine sulphate (10 pg m l~^ in 1.0 M H 2 SG^) which in turn  had been 
calibrated against a standard 3-hydroxybenzo(a)pyrene solution.
4.3.2 7-E thoxyresorufin-G -deethylase
The G -deethylation o f 7-ethoxyresorufin  was determined by the method of 
Burke at al. (1977). Reaction m ixtures were prepared in a flu o rim e te r cuvette  and 
contained approximately 1 mg avocado mesocarp m icrosomal prote in and 50 pM
7-ethoxyresorufin in a volume o f 2.0 m l made up w ith  0.1 M T ris -H C l bu ffe r, 
pH 7.6. The cuvette was placed in the therm ostatted housing o f a LS-5 
fluo rim e te r. A fte r  a preincubation period, baseline fluorescence was recorded 
(emission and excita tion  wavelength settings 586 and 510 nm respective ly). The 
reaction was in itia ted  w ith  10 pi o f NADPH (50 mM) and the production o f 
resorufin w ith  tim e was monitored as the increase in fluorescence at 586 nm. 
Calibra tion was carried out w ith  m u ltip le  10 pi additions o f resorufin  (10 pM in 
ethanol).
4.3.3 7-Pentoxyresorufin G-dealkyiase
The G -dealky la tion o f 7-pentoxyresorufin was determ ined using the same 
method as in section 4.3.2, substituting 7-pentoxyresorufin as substrate.
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4.3.4 An iline Hydroxylase (EC 1.14.14.1)
The para-hydroxylation o f aniline was estimated by an adaption o f the 
method o f Guarino e t al. (1969). Incubation m ixtures consisted o f 2-3 mg avocado 
mesocarp m icrosomal prote in, 10 mM aniline-hydrochloride (pH 7.0), 5 mM M gCl^, 
10 mM glucose 6 -phosphate, 2 U glucose 6 -phosphate dehydrogenase and 0.3 M 
T ris -H C l bu ffe r, pH 7.6 was added to give a volume of 1.8 m l. A fte r  a 5 min 
preincubation, the reaction was in itia ted  w ith  0.2 m l NADP^ (40 mM) to give a 
fin a l incubation volume o f 2.0 m l. A fte r  30 min incubation, the reaction was 
term inated by placing in ice and the addition o f approxim ately 1 g NaCl. Peroxide- 
free ether containing 1.5% v /v  isoamyl alcohol (12 m l) was added, and the product 
(p-aminophenol) extracted on a ro ta ry  shaker fo r 20 m in. Ether aliquots (10 m i) 
were added to 4.0 m l alkaline phenol (0.5 M tripotassium  orthophosphate, 
containing 1% w /v phenol) and extracted on a ro ta ry  shaker fo r 30 m in. The upper 
ether layer was removed by suction and the blue colour o f the aqueous phase 
measured a t 620 nm in a C ecil CE292 spectrophotom eter. Blanks (aniline added at 
the end o f the incubation period) and standards (0.1 pmol p-aminophenol in 0.1 M 
HCl) were carried through the same procedure.
4.3.5 p -C h lo ro -N -m ethy lan iline  (PCMA) and N ,N -d im ethy lan iiine  (DMA)
N-demethylase
Formaldehyde produced during the enzymic dém éthylation o f these substrates 
was determined by the method o f Nash (1953). Incubation m ixtures fin a lly  
contained 2-4 mg avocado mesocarp m icrosomal prote in (resuspended in 0.1 M 
T ris -H C l bu ffe r, pH 7.4), 5 mM M gCl2 , 4 mM substrate (4 pmol added in 5 pi 
dimethylsulphoxide), and 0.1 M T ris -H C l bu ffe r pH 8.5 to give a volume o f 0.95 m l. 
A fte r  a 5 min preincubation, the reaction m ixture  was in itia ted  w ith  50 pi o f 
NADPH regenerating system containing 10 mM NADP^, 50 mM glucose
6 -phosphate and 1 U glucose 6 -phosphate dehydrogenase. The pH o f the reaction 
m ixture  at this stage was approxim ately 8 . A fte r  15 min, reaction m ixtures were
-1 7 1 -
placed on ice and the reaction term inated by the addition o f 0.5 m l ice -co ld  
trich lo roa ce tic  acid (12.5%, w /v). A fte r  centrifugation , 1.0 m l o f supernatant was 
added to 1.0 m l o f freshly prepared Nash reagent containing 30% w /v  ammonium 
acetate, 0.2% v /v  acetylacetone and 0.3% v/v  g lacia l acetic acid in d is tilled  water. 
This m ix ture  was incubated fo r 10 min a t 60°C in the absence o f lig h t. A fte r  
cooling to room tem perature, absorbance values were obtained a t 420 nm on a 
Cecil CE 292 spectrophotom eter. Formaldehyde standards (0-200 pmol) and blanks 
substituting d im ethyl sulphoxide fo r substrate were taken through the same 
procedure.
4.3.6 Benzphetamine N-demethylase
Incubation m ixtures fin a lly  contained 2-4 mg avocado mesocarp m icrosomal 
prote in, 5 mM MgCl£ and 1.5 mM benzphetam ine-HCl (preadjusted to about 
pH 7.0). 50 mM potassium phosphate bu ffe r, pH 7.3 was added to give a volume o f 
0.95 m l. Reaction m ixtures were then treated as in 4.3.5.
4.3.7 Mixed function amine oxidase (FAD-monooxygenase or Z iegler enzyme) (EC
1.14.13.8)
The N -dem ethylation and N -oxidation o f N ,N -d im ethylan iline  were measured 
by an adaptation o f the method o f Z iegler and P e tt it  (1964). The reactions were 
carried out at pH 7.6 and-8.4 (the optimum fo r N -dem ethylation and N -ox ida tion  
respectively in ra t live r. Das and Ziegler, 1970). Avocado mesocarp m icrosom al 
protein (2-4 mg), 4 mM MgCl^, 0.08% sem icarbazide-hydrochloride (pH 7.0), 1 mM 
NADP^, 12 mM glucose-6 -phosphate, 1 U glucose- 6 -phosphate dehydrogenase and 
0.3 M T ris -H C l bu ffe r pH 7.6 or 8.4 in 2.5 m l were preincubated fo r 5 m in. The 
reaction was in itia te d  w ith  10 pi N ,N -d im ethylan iline  (1.25 M in methanol) to give 
a fin a l substrate concentration o f 5 mM. A fte r  20 min the reaction was term inated 
by addition o f 1.0 m l zinc sulphate (15% w /v) fo llowed by 1.0 m l o f a 2:1 saturated 
m ixture  o f Ba(GH ) 2  and borax. Formaldehyde in both the pH 7.6 and 8.4 reaction
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m ixtures was assayed as described in section 4.3.5. A fu rth e r 2.0 m l a liquot o f 
pH 8.4 supernatant was assayed fo r N-oxide form ation by its  quantita tive  reduction 
w ith  nitrous acid to the yellow p-n itroso derivative. G lycine bu ffe r (0.5 m l o f 
0.5 M pH 10) was added and unmetabolised N ,N -d im ethylan iline  removed by 
extraction  w ith  d im ethyl ether ( 3 x 7  m l, 10 min on a ro ta ry  shaker). To 2.5 m l o f 
aqueous phase was added 0.2 m l 3 M trich lo roace tic  acid (to adjust the pH to 2.5) 
and 0.3 m l o f freshly prepared 0.1 M NaNO^. A fte r  a 10 min incubation a t 60°C 
and then cooling, the yellow  colour was measured at 420 nm on a C ecil CE 292 
spectrophotom eter. The p-n itroso deriva tive  was quantified using the published 
molar absorption co e ffic ie n t o f 8.2 x 10^ lit re  m o l“ ^ c m '^  (Z ieg ler and P e tt it ,  
1964). Blanks fo r both reactions involved the addition o f substrate a fte r prote in 
p rec ip ita tion .
4.3.8 Biphenyl hydroxylase
The hydroxylation o f biphenyl was followed using the flu o rim e tric  method 
based on tha t o f Creaven et al. (1965) which allows separate measurement o f 4-and 
2-hydroxy-biphenyl. F inal incubation m ixtures consisted o f 2-3 mg avocado 
mesocarp m icrosomal prote in , 5 mM M gC l2 ? 1 mM NADP^, 25 mM glucose 6 - 
phosphate, 2 U glucose 6 -phosphate dehydrogenase and 50 mM T ris -H C l bu ffe r 
pH 8.1 added to give a volume o f 1.75 m l.| Biphenyl (12 mM in 4% w /v  Tween 80), 
0.25 m l, was added to in itia te  the reaction. A fte r  20 min, m ixtures were placed 
on ice and reactions term inated by the addition o f 0.5 m l 2.0 M HC l. Biphenyl and 
its  metabolites were extracted into 1 0  m l n-heptane using a ro ta ry  shaker fo r 
10 m in. A liquots (2.0 m l) o f the heptane layer were removed and re -e x trac ted  w ith  
10 m l 0.1 M NaOH. A fte r  centrifugation , 2.0 m l aliquots o f the low er aqueous 
layer were placed in a fluo rim e te r cuvette  to which was added 0.5 m l 0.5 M 
succinic acid to adjust the pH to 5.5. Fluorescence was measured w ith  emission 
wavelength settings o f 338 and 415 nm, and exc ita tion  wavelength settings o f 275 
and 295 nm fo r 4-hydroxy and 2-hydroxy products respective ly, using an LS-5
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fluo rim e te r. Blanks (w ith  substrate added a fte r the 2.0 M HCl) and standards ( 6  pg 
2-hydroxybiphenyl or 30 pg 4-hydroxybiphenyl dissolved in 5% ethanol) were 
carried through the same procedure.
4.3.9 Metabolism o f Laurie Acid
The metabolism o f lauric  (dodecanoic) acid by avocado mesocarp m icrosomal 
fractions was followed using the method based on tha t o f Parker and Orton (1980). 
Incubation m ixtures consisted o f approxim ately 2 mg avocado mesocarp 
microsomal prote in , 5 mM M gC l2 > 50 pM lauric  acid (50 mM stock solution in 
ethanol freshly diluted 1 to 50 w ith  50 mM T ris -H C l bu ffe r pH 7.4 and 0.1 m l 
added), [ l- ^ '^ C ]  lauric  acid (0.1 pCi in methanol) and 50 mM Tris HC l bu ffe r 
pH 7.4 to 1.9 m l. A fte r  5 min preincubation, the reaction was in itia te d  by the 
addition o f 0.1 m l NADPH generating system (20 mM NADP^, 300 mM glucose
6 -phosphate and 2 U glucose 6 -phosphate dehydrogenase in 50 mM Tris HC l bu ffe r, 
pH 7.4) A fte r  15 m in, the reaction was stopped by cooling on ice and the addition 
o f 0.2 m l 3 M HCl. Lauric acid and its  m etabolites were extracted by shaking fo r 
10 min w ith  10 m l d ie thy l ether. Extracts were evaporated to dryness under N 2  at 
30°C, then stored fo r not more than 4 days a t -10°C . Residues were taken up in 
30 p i o f ethanol and 20 pi spotted onto s ilica  gel t . l.c .  plates. A fte r  ascending 
chromatography (hexane/d iethyle ther/g lacia l acetic acid 70/28/1.5 v /v ) [1 -^ ^ C ] 
lauric acid and labelled m etabolites were located and measured using a Berthold 
(B 2842) autom atic t . l.c .  linear analyser. NADH was also used as co fac to r in some 
studies where the 0.1 m l volume o f the regenerating system comprised 0.5 U 
alcohol dehydrogenase, 87 mM ethanol and the required concentration o f NADH in 
50 mM Tris HCl bu ffe r, pH 7.4.
4.3.10 Carbon Monoxide Inh ib ition Studies
Gaseous m ixtures o f known composition were obtained by the displacement 
o f water from  an inverted 250 m l graduated separating funnel immersed in w a te r in
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a 2.0 I glass measuring cylinder by means o f a three way tap attached to the stem 
o f the separating funnel. The gas m ixture  was upwardly displaced by water and 
flushed through reaction m ixtures capped w ith  a rubber seal via narrow bore 
'Portex' tubing linked to the seal in le t po rt. A fte r  gassing ( 25 m l m in "^  fo r 4 min), 
in le t and ou tle t ports were sealed.
Subsequent procedures fo r assays were as previously described except tha t 
the reaction in it ia to r  and te rm ina to r were added through the seal by syringe.
4.3.11 O ther Methods
Avocado mesocarp fractions were prepared as detailed in section 2.3.3a. 
Cytochrome P-450 was measured as in 2.3.4(a) and protein was determined as 
described in 2.3.9.
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4.4 Results
4.4.1 Metabolism o f ’Model' P-450 Substrates
Avocado mesocarp m icrosomal frac tio n  were assayed fo r 
benzo(a)pyrene-3-hydroxylase, biphenyl hydroxylase, 7-ethoxyresorufin  and
7-pentoxyresorufin O -dealkylase, and benzphetaminehfdemethylase a c tiv itie s . On 
each occasion, assays were carried out in para lle l w ith  ra t liv e r m icrosomal 
fractions (also Saccharomyces cerevisiae microsomes fo r the benzo(a)pyrene 
hydroxylase assay). These live r and yeast preparations gave ac tiv itie s  comparable 
w ith  lite ra tu re  findings but no detectable a c tiv itie s  were found w ith  the avocado 
mesocarp.
4.4.2 Metabolism o f An iline and its  Derivatives PCM A and DMA
(a) Aniline
Avocado mesocarp m icrosomal frac tion  showed no detectable aniline 
p-hydroxylase a c tiv ity  despite incubation periods o f up to 60 m in. Rat live r 
microsomes assayed fo r p-hydroxylase a c tiv ity  in para lle l gave the expected 
positive results.
(b) PCMA and DMA
The metabolism o f these N -m ethyl-arylam ines was fo llowed by measuring the 
production o f formaldehyde; substrate blanks (excluding substrate but including the 
NADPH generating system) were required fo r each test since the addition o f 
NADPH in the absence o f substrate resulted in some production o f chromogen in 
the Nash reaction (negligible in the case o f liv e r but s ign ifican t fo r avocado). Both 
PCMA and DMA showed NADPH-dependent metabolism w ith  avocado m icrosom al 
fractions. The in it ia l rates o f formaldehyde production were 13.1 + 0.7 (n=4) and 
17.1 + 0.8 (n=4) nmol formaldehyde m in “ ^ nmol P-450“ ^ w ith  PCMA and DMA 
substrates respective ly. Reactions were approxim ately linear fo r at least 15 m in. 
The metabolism o f PCMA and DMA under various gaseous conditions was
- 1 7 6 -
investigated (Figure 4.2). Under anaerobic conditions (100% N^), formaldehyde 
form ation was v ir tu a lly  abolished, (92 and 99% inh ib ition  o f contro l a c tiv ity  fo r 
PCMA and DMA respective ly). Incubations in the presence o f CO : : N 2 ;
20 : 20 : 60 resulted in 44% inh ib ition  o f PCMA metabolism and 17% inh ib ition o f 
DMA metabolism as compared w ith  contro l a c tiv itie s  (O 2  : N 2 Î 20 : 80). The e ffe c t 
o f various inh ib itors on PCMA metabolism is given in Table 4.2, formaldehyde 
production was not s ign ifican tly  changed by the addition o f 100 pM 
9-hydroxye llip tic ine , a-naphthoflavone or m iconazole. However, the inclusion o f 
100 pM metyrapone, c lo trim azo le , ketoconazole or 1000 pM methimazole produced 
d is tinc t inh ib ition . The pattern  o f inh ib ition  by these same compounds on the 
metabolism o f DMA was s im ila r (Table 4.3) w ith  the exception o f ketoconazole 
which had no s ign ifican t e ffe c t. C lo trim azole  and m ethim azole showed s im ila r 
degrees o f inh ib ition  w ith  both substrates, however metyrapone had a less potent 
e ffe c t on DMA metabolism.
Using DMA as substrate, N -dem ethylation (measured by the form ation o f 
formaldehyde) and N - oxidation (measured by the form ation o f N-oxide and its  
subsequent reduction to the p-n itroso deriva tive) were assayed in tandem. 
Formaldehyde form ation was observed but there was no detectable form ation o f 
the N-oxidation product w ith  the avocado mesocarp m icrosomal system. When ra t 
live r m icrosomal samples were subjected to a s im ila r procedure both 
N -dem ethylation and N -oxidation were observed w ith  the fo rm er predom inating.
4.4.3 Metabolism o f Lauric (Dodecanoic) Acid
Incubation o f[ l-^ ^ C ]Ia u r ic  acid w ith  ra t live r m icrosomal prote in gave rise to 
two radioactive spots a fte r separation by t . l.c .  (Figure 4.3). These correspond to 
unmetabolised lauric  acid and the 13.and I I  ( wand w-1) hydroxy m etabolites (these 
are not resolved by this method). S im ilarly, incubation o f the same radio labelled 
substrate w ith  avocado microsomal prote in gave rise to unmetabolised lauric  acid 
and more polar product(s) which co-ran w ith  the 1 1 - and 1 2 -hydroxyacids given by
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Microsomes were incubated in the presence o f substrate and 
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metabolism was measured as the ra te  o f formaldehyde 
production. Results are means o f 2 samples (each assayed in 
duplicate).
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ra t live r microsomes. Exclusion o f an NADPH generating system from  the 
incubation media, or heat dénaturation o f m icrosomal proteins prevented polar 
product form ation . Under the conditions o f assay, metabolism o f lauric  acid by the 
avocado microsomal frac tion  appears approxim ately linear fo r a t least 15 min. 
In it ia l rates o f metabolism were found o f the order o f 0.5-1.0 nmol min~^ nmol 
P -450"^. Metabolism o f lauric  acid under various gaseous conditions was 
investigated (Figure 4.4). There was no s ign ifican t d ifference between contro l 
incubations (O 2  : N 2 ; 2 0  : 80) in the dark ( fo il wrapped tubes) or on illum ina tion  by 
blue lig h t (peaking at about 450 nm). Under anaerobic conditions (100% N 2 ) 80% 
inh ib ition  was observed. Incubation in the presence o f CO : O 2  : N 2 Î 4 ; 20 : 76 
resulted in 85% and 82% inh ib ition  in the lig h t and dark respective ly, (i.e. no 
s ign ifican t d ifference between these ligh t and dark results).
The e ffe c t o f various P-450 inh ib itors on the metabolism o f lauric  acid are 
given in Tables 4.4 and 4.5. p-Chlorom ercuribenzoate to ta lly  abolished 
metabolism, 9 -hydroxye llip tic ine  had no s ign ifican t inh ib ito ry  e ffe c t at the 10 pM 
concentration but inhib ited by 29% at 100 pM and 93% at 1000 pM concentrations. 
Metyrapone and a-naphthoflavone had no s ign ifican t inh ib ito ry  e ffe c t a t the 
concentrations used. Of the antifungal agents (Table 4.5) only miconazole a t the 
highest concentration showed any s ign ifican t inh ib ition  o f con tro l a c t iv ity . The 
metabolism o f lauric  acid by the avocado mesocarp m icrosomal frac tion  showed an 
absolute requirem ent fo r reducing equivalents (Table 4.6). NADPH was c lea rly  the 
preferred co facto r although NADH showed some a b ility  (an order o f magnitude 
less) to sustain the reaction. A t saturating NADPH concentration NADH showed 
an inh ib ito ry  ra ther than a synergistic e ffe c t. A t sub-saturating NADPH 
concentration, NADH addition showed some synergism.
Incubation under an atmosphere o f 100% nitrogen (Table 4.7) resulted in 77% 
inh ib ition  o f the a c tiv ity  obtained in a ir. Inclusion o f e lectron acceptors (FAD or 
oxidised cytochrome c) fa iled to restore a c tiv ity  thus dem onstrating the 
requirement fo r m olecular oxygen.
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Microsomes were incubated in the presence o f substrate and 
NADPH under the above gaseous conditions, both in the dark 
and on illum ination  (blue fluorescent tubes, maximum in tens ity  
at 450 nm). The results are the means o f 4 samples (each 
assayed in duplicate) + S.E.M.
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4.5 Discussion
Plants have the a b ility  to ox idative ly metabolise a great many compounds 
(Dohn and Krieger, 1981) but re la tive ly  l i t t le  is known concerning the biochem ical 
mechanisms involved in the oxidative metabolism o f fore ign compounds. Do plants 
possess a broad substrate specific m icrosomal P-450 system s im ila r to the one 
found in liver?  Results found in th is present study and elsewhere suggest tha t 
higher p lant m icrosomal systems are capable o f some xenobiotic metabolism but 
the ve rsa tility  o f the liv e r endoplasmic re ticu lum  is not approached.
The avocado mesocarp frac tion  fa iled to show benzo(a)pyrene hydroxylase 
a c tiv ity , even though a P-448 CO difference peak was detected, th is finding is in 
agreement w ith  Markham (1976). The reports o f benzo(a)pyrene metabolism in 
plants detailed in 1.3.2, employed HPLC to separate and id en tify  m etabolites 
usually using radiolabelled substrate. In the present study, benzo(a)pyrene 
metabolism was assayed by flu o rim e tric  determ ination. However, a t the 
wavelengths set fo r exc ita tion  and emission and a t alkaline pH, only the 3- and 
9-hydroxy m etabolites have strong fluorescence (Holder et a l., 1975), other 
m etabolites such as quinones do not s ign ifican tly  contribu te . I t  is conceivable tha t 
the avocado microsomal system may have metabolised benzo(a)pyrene to give 
products other than the 3- and 9-phenols. Higashi et al. (1981) reported tha t the 
ra te  o f benzo(a)pyrene hydroxylation in Jerusalem artichoke was too low fo r 
spec tro fluo rim etric  determ ination. These workers resorted to an assay depending
-Z
on the libera tion  o f tr it ia te d  w ater from  [G -  H ] benzo(a)pyrene. However, a t th is 
tim e products were not iden tified . In subsequent work (Karasaki and Higashi, 
1982) i t  was shown tha t to ta l phenol fo rm ation  in Jerusalem artichoke and tu lip  
bulb microsomes was two orders o f magnitude lower than in ra t live r.
The finding tha t the avocado mesocarp m icrosomal frac tion  possessed no 
biphenyl hydroxylase a c tiv ity  is contrary to the findings o f McPherson e t al. (1975). 
These workers reported 2- and 4-biphenyl hydroxylations in both m icrosom al and 
soluble fractions o f avocado mesocarp. However, since P-450 was not detected in
—188 —
the soluble frac tion , its  involvement here is doubtfu l. There have been d iffe ring  
reports on the hydroxylation o f biphenyl in yeast. Wiseman et al. (1975) reported 
4-biphenyl hydroxylase a c tiv ity  in yeast m icrosomal frac tio n . However, th is could 
not be repeated by Smith e t al. (1980) and King (1982). The fungus Cunninghamella 
elegans was found to have a highly active biphenyl hydroxylase, however no 
a c tiv ity  was detected in the m icrosomal frac tion  o f this organism although 
benzo(a)pyrene and naphthalene hydroxylase ac tiv itie s  were present (Dodge et ^ . ,  
1979)J Smith e t al. (1980) showed tha t several fungi were capable o f biphenyl 
hydroxylase m etabolism  usually giving the 4-hydroxy form  as a m ajor m e tabo lite .
7-E thbxyresorufin  and 7-pentoxyresorufin O-dealkylase activ ities were also 
absent from  the avocado m icrosomal frac tio n . In the mammalian liv e r system, the 
m ajor phénobarbital inducible P-450 is thought responsible fo r the dealkylation o f 
the pentoxy substrate and the m ajor po lycyclic  arom atic hydrocarbon inducible 
form  fo r the metabolism o f 7-ethoxyresorufin . The yeast (Saccharomyces 
cerevisiae) P-448 is thought to resemble this la tte r  live r form  but i t  was unable to 
metabolise ethoxyresorufin (King, 1982). An iline is a w e ll characterised substrate 
o f ra t live r P-450. In yeast, the p -hydroxyla tion o f th is substrate could not be 
demonstrated (King, 1982). An iline binds w ith  avocado microsomal P-450 to give a 
type 11 spectrum. However, as w ith  yeast, no p-hydroxyla tion could be detected. 
Young and Beevers (1976) found tha t m icrosomal fractions from  castor bean 
endosperm also fa iled to p-hydroxylate aniline.
Avocado mesocarp microsomal fractions were found to demethylate PCMA 
and DMA to give formaldehyde and presumably p-ch lo roan iline and 
N -m ethylan iline  respectively. In the case o f DMA as substrate, i t  is possible tha t 
two dém éthylation reactions occurred to give aniline. The monooxygenase 
character o f the enzyme(s) responsible fo r these reactions was established by the 
requirement fo r Ü 2  and NADPH fo r metabolism. Carbon monoxide inh ib ition  in the 
presence o f oxygen suggests tha t cytochrome P-450 may be involved. However,
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con firm ato ry evidence such as reversal o f CO inh ib ition  by ligh t a t 450 nm has yet 
to be achieved. PCMA and DMA metabolism was challenged by a number o f 
po ten tia l inh ib itors o f which metyrapone and c lo trim azo le  were the most e ffe c tive . 
A ll the compounds, w ith  the exception o f m ethim azole, are known to inh ib it 
certa in  P-450 linked reactions in mammals or yeast (Testa and Jenner, 1981); the 
pattern o f inh ib ition  o f PCMA metabolism was s im ila r to tha t o f DMA metabolism 
suggesting tha t the same enzyme system is involved in both cases. However, in 
the avocado the N-dem ethylation o f PCMA was more sensitive to CO and 
metyrapone and was s ign ifican tly  a ffected  by ketoconazole whereas DMA 
metabolism was not. O f the remaining po tentia l P-450 inh ib itors, only 
c lo trim azole  had any s ign ifican t e ffe c t and its  degree o f inh ib ition  was s im ila r fo r 
both substrates. In the mammalian system, metyrapone is a selective inh ib ito r o f 
phenobarbita l-inducible forms w ith  l i t t le  e ffe c t on the po lycyclic  arom atic 
hydrocarbon-inducible forms (Testa and Jenner, 1981). In contrast 
a-naphthoflavone and 9-hydroxye llip tic ine  are more specific fo r these la tte r  
inducible forms. I f  avocado mesocarp P-450 is involved in the N -dem ethyla tion o f 
PCMA and DMA, these inh ib ition  studies suggest tha t i t  does not resemble the 
mammalian po lycyclic arom atic hydrocarbon-inducible form . On the other hand, 
the lack o f broad substrate spec ific ity  suggests l i t t le  resemblance w ith  the 
phenobarbital-inducible form  either.
As detailed in the in troduction to th is chapter, formaldehyde production and 
the e ffe c tive  N -dem ethylation o f PCMA and DM A could have occurred by the 
FAD-monooxygenase route or 'Z iegler enzyme'. Methimazole is an FAD- 
monooxygenase substrate tha t does not produce formaldehyde. As a com petitive  
inh ib ito r o f N -m ethylam ine N -oxidation , m ethim azole has been suggested as a too l 
in defining N -m ethylam ine metabolism (Prough and Ziegler, 1977). A t the 
concentration used (lOOOpM) methimazole is thought to inh ib it P-450 dependent 
reactions no more than 10-15%. M ethimazole was found to be m oderately 
inh ib ito ry  o f both PCMA and DMA dém éthylation in the avocado m icrosomal
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frac tio n  (39 and 32% respective ly). I t  is therefore possible tha t formaldehyde 
production is p a rtia lly  due to FAD-monooxygenase action. However, N-oxide 
form ation from  DMA using the Z iegler assay (Z iegler and P e tt it ,  1964) was not 
detected. I t  is possible tha t in the p lant system methimazole is less specific , or i t  
was metabolised to form  products inh ib ito ry  to P-430 or which in te rfe re  w ith  the 
assay o f formaldehyde.
The mechanism o f N -dem ethylation o f phenyl-urea herbicides has been 
studied in plants (Tanaka et W., 1972a, 1972b). The reactions are monooxygenase in 
character but do not appear to be o f the FAD-monooxygenase type. The 
dém éthylation reaction involved the form ation o f a hydroxym ethylurea 
in term ediate , i.e. substrate oxidation occurred at the N -m ethy l position and not on 
the nitrogen which would give the N-oxide or N-hydroxy deriva tive .
The dém éthylation o f PCMA in castor bean endosperm m icrosomal fractions 
was measured both by formaldehyde production and p-ch lo roan iline production 
(Young and Beevers, 1976). P-450 was thought to be involved and the same enzyme 
system was also thought responsible fo r metabolism o f DMA and m ethylan iline. 
McPherson et al. (1975) reported PCMA metabolism in soluble and m icrosomal 
fractions o f avocado mesocarp. However, a c tiv itie s  were s im ila r in both fractions 
and P-450 was only detected in the m icrosomal frac tio n . Dohn and K rieger (1984), 
also working w ith  avocado pear mesocarp, showed CO sensitive PCMA 
N -dem ethylation in a 20,000 g x 20 min post-m itochondria l supernatant pe lle t. 
Contrary to McPherson et al., no a c tiv ity  was found in the m icrosomal supernatant. 
The N-demethylase found in the microsomal frac tion  o f castor bean endosperm is 
thought to be specific fo r N -m e th y l-a ry lamines (Young and Beevers, 1976). The 
avocado N-demethylase may be s im ilar, carrying out N -dem ethyla tion o f PCMA 
and DMA but not benzphetamine. The N -dem ethylation reactions described here 
have been concerned w ith  xenobiotic metabolism in higher plants; whether 
endogenous substrates fo r these enzymes also exist is not known. Dém éthylation 
reactions in the metabolism o f secondary plant products are common (Poulton,
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1981) but the mechanisms involved remain to be elucidated. The evidence is tha t 
the P-450 present in the avocado mesocarp is not p rim arily  concerned w ith  
xenobiotic metabolism.
L ike ly  endogenous substrates o f avocado P-450 are fa tty  acids, and lauric 
acid was metabolised by the avocado mesocarp microsomal frac tion  to  give a t least 
one polar m etabolite . The id en tity  o f this m etabolite awaits confirm ation  but i t  is 
possibly the w- (or w -l)-hydroxyacid. The hydroxylation o f lauric  acid in the 
avocado has been reported (Harwood et a l., 1972; Sodja and Stumpf, 1975) but this 
involved the supernatant. These workers found CO inh ib ition  but the requirem ent 
fo r oxygen could be replaced, under anaerobic conditions, by inclusion o f 
a lte rna tive  electron acceptors. In addition neither NADPH or NADH were 
required. Lauric acid metabolism in the m icrosomal frac tion  o f the avocado 
mesocarp requires both NADPH and suggesting a monooxygenase function . The 
inh ib ition by CO in the presence o f oxygen suggested P-450 involvem ent, but 
attem pts to reverse this inh ib ition  by ligh t were unsuccessful although the in tensity  
o f lig h t may not have been adequate. Soliday and Kolattukudy (1977) reported a 
microsomal fa tty  acid w-hydroxylase from  Vicia faba. These workers suggested 
P-450 involvement but the high sensitiv ity  o f the enzyme to CO again could not be 
reversed by ligh t.
Of the po tentia l P-450 inh ib itors used, avocado mesocarp m icrosomal lauric  
acid metabolism was s ign ifican tly  a ffec ted  only by carbon monoxide, m iconazole 
(1 mM), 9 -hydroxye llip tic ine  (> 100 pM) and p-chlorom ercuribenzoate. Complete 
abolition o f a c tiv ity  by this last compound suggests the im portance o f sulphydryl 
groups fo r ca ta ly tic  function. This is true o f P-450 but equally so fo r many other 
enzymes. NADPH is the preferred donor o f reducing equivalents in P -450-linked 
reactions although there are reports o f NADH sustaining lim ite d  a c tiv ity  (Soliday 
and Kolattukudy, 1977; Petersen and Seitz, 1985; Dohn and K rieger, 1984; 
Benveniste et W., 1982b; Young and Beevers, 1976). However, NADH was unable to 
support P-450 linked fe ru lic  acid 5-hydroxylase a c tiv ity  in poplar stem (Grand,
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1984). The a b ility  o f NADH to support P-450 reactions is not generally believed to 
be due to transhydrogenation o f NADP^. NADH only weakly supported lauric  acid 
metabolism in the avocado microsomal frac tion  but was able to exert a synergistic 
e ffe c t when added w ith  sub-saturating concentrations o f NADPH. This synergism 
has been demonstrated several tim es in higher p lant P-450 reaction (Grand, 1984; 
Benveniste e t a l., 1982b; Madyastha et al., 1976; H ill and Rhodes, 1975) and in 
animals (Estabrook et a l., 1972).
Although de fin itive  confirm ation is lacking, the evidence here presented 
suggests tha t avocado mesocarp m icrosomal P-450 is involved in the 
N -dem ethylation o f PCMA and DMA and the metabolism (possibly w or co -1 
hydroxylation) o f lauric  acid. The f irs t  two substrates may be considered as 
xenobiotics, whereas lauric  acid and other fa tty  acids may be physiological 
substrates.
Metyrapone and c lo trim azole  were found to be inh ib itors o f PCMA and DMA 
N-dem ethylation whereas 9-hydroxye llip tic ine  and miconazole inh ib ited lauric  acid 
metabolism. Carbon monoxide was the only inh ib ito r common to both reactions but 
showed a more potent e ffe c t on lauric  acid metabolism than i t  did (even a t a 
5 X greater concentration) on the N -dem ethylation reactions. D ifferences in 
sensitiv ity  to carbon monoxide and other inh ib itors suggest tha t the m icrosomal 
enzymes involved in N -dem ethylation and lauric acid metabolism are not the same. 
This could im ply the existence o f m u ltip le  P-450 forms w ith in  the avocado.
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CHAPTER 5
GENERAL DISCUSSION
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3. General Discussion
The diversification of the chemical compositions of members of the higher 
plant kingdom is unparalleled by any other phyla and this is reflected in the 
versatility  of secondary product metabolism. I t  is therefore, not surprising that 
there can be no model plant or plant tissue representative of the biochemistry of 
higher plants. This constraint applies to the attem pt to define specific 
physiological roles and functions for cytochrome P-450 in higher plant species. 
There are of the order 300,000 known species of angiosperms (flowering plants) 
which have been classified into approximately 300 d iffe rent fam ilies. So far, 
P-450 or P-450-dependent activ ities have been detected in only f i f t y  or so 
d iffe rent plants from 22 d iffe rent fam ilies. Is the occurrence of P-450 confined to 
only a small number of plants or is i t  ubiquitous? The participation of P-450 in 
certain key metabolic pathways e.g. plant hormone biosynthesis and metabolism, 
sterol biosynthesis, and phenolics derived from cinnamate, suggests that this 
cytochrome is ubiquitous. However, its presence in most plant tissues awaits 
demonstration and in many cases cannot be detected. This may be due to masking 
by other pigments or the P-450 content is below the lim its  of spectral detection. 
I t  may, however, be possible to detect P-450 by suitable metabolic studies 
(see 1.3).
I f  certain metabolic pathways involving P-450 are common to all or even 
some groups of plants, i t  might be expected that the enzyme would be highly 
conserved. Thus purification of the P-450 protein and generation of antibodies 
(especially highly specific monoclonal antibodies) against that protein should be a 
useful tool in locating sim ilar P-450s in other plant tissues. Studies of this nature 
could prove to be of taxonomic value. So far, purification of P-450 from higher 
plant tissues has proved to be a d iff ic u lt task due to s tab ility  problems, and 
re lative ly low tissue content (Chapter 2). Recently developed techniques such as 
fast protein liquid chromatography (FPLC) may circumvent some of the problems 
and provide a more rapid means of obtaining re lative ly pure preparations of a range 
of plant P-450s.
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In those tissues studied so far (Tables 1.1 and 2.1) P-450-linked activities or 
spectrally detected P-450 have been found mainly in tissues w ith minimal or zero 
photosynthetic ab ility . Hendry (1986) noted that cited P-450-containing plant 
tissues were from material at the earliest stages of vegetative growth, from 
storage or perennating organs, or from the sexually reproductive stages of growth. 
P-450 in these tissues was present in spectrally detectable quantities and in certain 
instances the concentration approached that of the mammalian liver. This finding 
of high P-450 content in some plant tissues in specific organs or at specific stages 
of development might suggest a specialised function(s). Examples of some 
constitutively high P-450-containing tissues have been reported in this study, 
namely Arum maculatum spadix, avocado mesocarp and tu lip  bulb. The particular 
stages of growth and development of these plant organs may give a clue as to the 
function(s) of the P-450 in that particular tissue.
Arum maculatum (and Arum italicum ) spadix.
The inflorescences of aroid species are known to undergo a rapid increase in 
respiratory rate leading to thermogenesis. The function of this phenomenon is 
thought to be concerned w ith either frost resistance or vo la tilization of odiferous 
substances to a ttrac t insects as vectors fo r pollination. This rise in respiratory 
rate (the clim acteric phase) coincides w ith the unfurling of the spathe. Although 
no formal time course study has been reported, pre-clim acteric spadix tissue does 
appear to be low in P-450 content (Yahiel et al., 1974; Rich and Bendall, 1975) but 
more mature spadices are re lative ly rich in P-450 (Yahiel et al., 1974; this thesis. 
Chapter 2). A fte r pollination Arum maculatum spadix enters the post-clim acteric 
phase, thermogenesis ceases and the spadix loses i t  bright purple hue. I t  would be 
interesting to carry out a time course study to investigate whether the rise and fa ll 
of clim acteric respiration in aroid species correlates w ith variation in spadix P-450 
content. I t  is possible that the P-450 here is involved in a specialised function 
during the clim acteric phase e.g. the biosynthesis of odiferous substances (mainly
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amines and indoles), biosynthesis or metabolism o f hormones involved in the 
metabolic upheaval associated w ith flowering and fertilisa tion , or even in 
increasing the availability o f oxygen either d irectly or in its radical form.
Tulip Bulb
V
Reasons for interspecies variations in tu lip  bulp P-450 have been discussed 
earlier (2.5). However, one further possibility for the high constitutive level o f 
P-450 in some varieties o f bulb could be concerned with the biosynthesis or 
metabolism o f constitutive (non-induced) antim icrobial agents known as inhibitins. 
These are present in healthy bulb tissue usually stored as inactive glycoside 
conjugates, the active toxins being released a fte r hydrolysis or oxidation following 
m icrobial invasion. The major group of inhibitins in tulip bulb are the tuliposides, 
which rearrange and cyclise to form tulipalins (Figure 5.1). The P-450 may be 
involved in the syntheses o f these substances or a lternatively involved in protecting 
the plant against its own toxins by fac ilita ting  hydroxylation prior to the 
conjugation of these substances and thus the ir inactivation.
1-Tuliposide A (R=H) 
1-Tuliposide B (R=OH)
CHOH C H ;
O C O C H  — CM — CMjOH
OH
HO
OH
CH.OCOC— ÇH — CHOH
HO
OH
1
C H R  C =C H ;
I I
CHj c = 0
\  /
(Mildly toxic)
6-Tuliposides 
(Inert)
Tulipalins 
(Very fungitoxic)
Figure 5.1 Synthesis of tulipalins from tuliposides
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The Avocado Pear
It  might be said that a fru it  is only eaten when i t  wants to be. To achieve 
this end, a fru it  w ill want to deter predators until i t  is developed and ready fo r the 
dispersion of its seed, i.e. i t  has achieved ripeness. The avocado may produce 
'antifeedants' to deter predators but once i t  is ripe, P-450 may function to 
inactivate such compounds and thus invite predation. Unripe avocado fru it  are 
known to be particularly resistant to fungal attack, however a fte r ripening this 
resistance declines.
The avocado exhibits the clim acteric respiration phenomenon and this is 
characterised by a rapid increase in ethene production. Whether P-450 coincides 
w ith this clim acteric is unknown, attempts to measure P-450 content against 
ethene production were dogged w ith technical problems. Thus w ith hard unripe 
fru it i t  has not proved possible to ascertain whether the low P-450 content is 
characteristic of that metabolic state of the fru it  or is due to the losses caused by 
the extra mechanical stress required to homogenise the tissue.
Studies performed here have indicated that the P-450 present in the avocado 
mesocarp is probably involved in fa tty  acid metabolism. The high fa t composition 
of the fru it has always made this a tempting suggestion. The precise physiological 
role of a fa tty  acid hydroxylase in the avocado can only be guessed at. Possibilities 
may involve the biosynthesis of hydroxylated or unsaturated fa tty  acids, the la tte r 
involving hydroxylation followed by dehydration. Currently the fa tty  acid 
desaturase systems in plants are fa r from clearly understood, and desaturation may 
be a factor in the increased membrane flu id ity  essential w ith ripening. 
A lternative ly, the hydroxylation of fa tty  acids in the avocado mesocarp may be 
concerned w ith the biosynthesis of the waxy cuticle of the exocarp.
Studies here have also indicated that the P-450 present in the microsomal 
fraction of the avocado mesocarp can fac ilita te  the N-demethylation of certain 
N-methyl-arylamines. The physiological role of this N-demethylase is uncertain, 
however sim ilar enzyme systems have been found in other plant tissues. In cotton.
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the N-demethylase enzyme is capable of detoxifying substituted 3-(phenyl)-l- 
methylurea herbicides (Frear et al., 1969). In castor bean (Young and Beevers, 
1976) and the avocado (this thesis) the lack of broad substrate specific ity of the 
N-demethylase would indicate that i t  is not a general xenobiotic detoxication 
enzyme and is possibly prim arily involved in some endogenous role. Comparison of 
the action of several inhibitors of P-450 (summarised in Table 5.1) suggests that 
the avocado microsomal enzymes involved in N-demethylation and lauric acid 
metabolism are not the same. This may imply that the avocado mesocarp has 
P-450 isoenzymes and adds to the evidence that plant tissues have multiple forms 
of P-450.
In plant tissues where P-450 content is constitutively high, the function is 
probably geared to that plant and that tissue. Overall function may be sim ilar 
e.g. production of allelochemicals, but the end-product chemistry may d iffe r 
markedly. I t  would be valuable to establish the recurrence of patterns such as the 
correlation of P-450 content w ith clim acteric events.
It seems possible that plant P-450 w ill prove to be involved in the 
biosynthesis and metabolism of many intermediary plant products. Whether plant 
P-450 also has a ’Green live r’ function is s till a subject of conjecture. Plants may 
not be exposed to the same barrage of foreign compounds that heterotrophs are 
challenged with but they are exposed to a range of potentially toxic substances. 
These include exogenous allelopathic chemicals, fungitoxins and endogenous toxins 
which are either waste products of secondary metabolism or products directed 
against predators including invading micro-organisms. There is now increasing 
challenge from synthetic pesticides used in agricultural and horticu ltu ra l practice. 
To show resistance to these substances, the plant must possess or develop some 
detoxication mechanisms.
In mammalian liver, the xenobiotic detoxication system involving P-450 
(phase I) modification followed by a conjugation reaction is linked to the excretory 
process. Plants, unlike mammals,do not possess a recognised equivalent. However,
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Table 5-1 Comparison of Sensitivities of Avocado Mesocarp Microsomal
Enzyme A ctivities to Various P-450 Inhibitors
Inhibitor
PCMA
N-demethylation
% of control ac tiv ity
DMA
N-demethylation
Lauric acid 
metabolism
^ CO 56 83 15
Metyrapone 26 65 90
9-Hydroxyellipticine 100 103 71
a-Naphthoflavone 95 113 ^ 81
Clotrimazole 51 48 ^ 73
Miconazole 102 99 71
Ketoconazole 71 85 85
CO concentration was 20 and 4% v/v fo r the N-demethylation reactions and lauric 
acid metabolism respectively. Oxygen concentration was 20% v/v and the remainder 
gas was nitrogen.
bA ll other inhibitor concentrations were 100 pM except where a-naphthoflavone 
concentration was 50 pM and ^ where clotrimazole concentration was 200 pM.
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a probable scheme involves the removal o f toxins from sites of primary metabolism 
by vacuolar immobilisation. These vacuoles and thus the stored toxic agents or 
their metabolites could be ultim ately discarded through the shedding of leaves. 
P-450 in higher plants may play a role in the detoxication of endogenous and 
exogenous compounds prior to transport of the conjugated form to the vacuoles.
The modification of the plant’s own toxins required for its defence and 
survival seems counterproductive. However, toxins stored in vacuoles as inactive 
conjugates could be hydrolysed and reactivated on ingestion or damage by 
herbivores, or liberated by hydrolytic enzymes in response to m icrobial attack. In 
many cases however, plants accumulate in the ir vacuoles, toxic compounds without 
apparent further modification.
The most vulnerable parts of plants to predators are the young shoots and 
roots which largely lack the toxins and b itte r tasting elements present in maturer 
plant tissues. These plant tissues e.g. young seedlings, sprouting m ateria l from 
potato tuber also frequently possess distinct P-450 contents. Hendry (1986) has 
suggested that P-450 found in these tissues,but not in mature tissue,is required fo r 
detoxication of the plants own toxic products. In immature tissues the vacuoles 
used for storage of secondary products have not developed fu lly , therefore the 
plant must have some alternative process for removal of toxic metabolites. As the 
plant matures, and vacuoles develop fu lly , the P-450 detoxication is abandoned in 
favour of a process that not only protects the plant from itse lf but also serves to 
defend against predators. This could be seen as a great selection advantage.
In the case of mature storage organs, old root tissues, bulbs and tubers, the 
vacuolar space is predominantly given over to the storage of nutrients. This lack 
of anutrient vacuolar storage implies that the P-450 found in these tissue types 
again may be required as a means of detoxication o f secondary products.
In those tissues which show appreciable amounts of P-450 only on ’induction’ 
by exposure to microbes or e licitors, or on mechanical wounding, a role fo r the 
induced P-450 is in phytoalexin production and wound healing. I t  is possible that in
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addition to this, other P-450s are induced which are responsible for detoxication of 
foreign compounds to which the plant may be exposed.
So fa r i t  can be seen there are four areas of P-450 function in plants: (i) in 
tissues where P-450 is not easily detected, the tissues are usually mature and 
possess a vacuolar storage mechanism. The low P-450 present is probably involved 
in general 'housekeeping' functions e.g. hormone biosynthesis and metabolism. Its 
function may be equated to that in mammalian organs other than the liver,
performing discrete roles in cellular control^ (ii) in young tissues where vacuoles
fo r storing toxic metabolites are not yet fu lly  developed, P-450 has a dual role in 
'housekeeping' and detoxication; (iii) in specialised tissues at precise times in the
plant's cycle, the high P-450 content is concerned w ith a specialised function
peculiar to that tissue or plant and (iv) in wounded or infected tissues, 'induced' 
P-450 probably plays a part in detoxication of foreign chemicals as well as 
phytoalexin production or lign ification or wound healing.
The substrate range of plant P-450 is fa r narrower than that o f the 
mammalian P-450 system. This reflects that the plant P-450 system has evolved 
according to the needs of the plant i.e. an autotrophic rather than heterotrophic 
organism. Many of a plant's substrates may be found to be natural plant products, 
however, the diversity of chemistries found in the plant kingdom allows the 
possibility that one plant's natural product may be another plant's xenobiotic. 
Spectral binding studies may be a useful method of rapidly scanning fo r possible 
P-450 substrates both endogenous and xenobiotic. In these present studies good 
correlation was found to exist between compounds that gave type I binding spectra 
and compounds that were metabolised. In mammalian tissues the presence, or 
more especially, the absence of spectral binding is not always evidence that a 
compound w ill or w ill not be metabolised by the P-450 system.
Studies here and elsewhere have shown the ab ility  of plant P-450 to bind 
and/or metabolise a number of classically mammalian live r P-450 substrates and 
synthetic herbicides such as the N-methyl-phenyl ureas (e.g. Monuron) or the
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phenoxyacetic acid herbicides (e.g. 2,4-D). However, the history of herbicides is 
too short fo r plants to have developed defence mechanisms that can specifically 
counteract this chemical attack devised by man. I t  seems far more like ly that the 
various mechanisms have actually evolved to protect plants from chemical warfare 
waged by plant pathogens and other plants. Such defence has to be versatile to 
weather the wide chemical range which may be generated in this continuing 
CO-evolutionary struggle. This versatility  can stretch to encompass some of the 
products of the agricultural industry.
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Suggestions for Further Studies
1. Further characterisation of avocado mesocarp microsomal enzymes involved 
in lauric acid and N-m ethyl arylamine N-demethylation.
(a) K inetic parameters
(b) Identification of products
(c) Inhibition studies, including antibodies, to provide conclusive evidence 
fo r P-450 involvement.
2. Investigation of the nature and functions of P-450 in tu lip  bulb and aroid 
species
(a) Variation of P-450 concentration with development
(b) Substrate specificity studies.
3. Induction studies (e.g. tuber tissues)
(a) Wounding and stress
(b) Fungal infection (elicitors)
(c) Response to chemicals including known plant P-450 substrates and 
inhibitors, phytohormones and analogues and other herbicides
(d) Use of plant tissues in culture and comparison w ith the in tact plant.
4. Purification of various plant P-450s
(a) Characterisation
(b) Resolution of other components of microsomal electron transfer chain 
and reconstitution studies
(c) Generation of antibodies
(d) Cross reactiv ity  studies w ith both plant and animal P-450s
(e) Amino acid sequence determination
(f) Homology studies and evolutionary relationships.
5. Investigation of P-450 in algae
(a) Phaeophyta (seaweeds)
(b) Bacillariophyta (diatoms); including their possible u tilisation of 
hydrocarbons (pollutants) as metabolic fuels (as indicated in the paper 
of Thompson and Eglinton, 1979).
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